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microscopy, scanning electron microfractography, and transmission 
electron microscopy were the metallographic means employed. 

A key factor in the microstructural and fracture toughness differences is 
cooling rate.   Annealing high in the  ot-ß  phase field followed by air 
cooling results in high fracture toughness, associated with partially 
acicular structures, when applied to a volume of 50 cu in. (i.e., a 1 x 
4 x 12-in. piece); but results in relatively low fracture toughness, as- 
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cu in. (i.e., a 1 x 48 x 96-in. plate). 

The fatigue crack propagation rate was found to vary widely among the 
different microi-tructures.   For example, at a stress intensity range of 
30 ksi-inl/2, the crack propagation rate was 3 x io-6 in/cycle for as- 
quenched martensite, 3 x io-5 to 10-4 in/cycle for coarse equiaxed  ot , 
and 3 x lo-5 to 8 x IQ-^ in/cycle for Widmanstätten, fine equiaxed   a  or 
worked Widmanstätten structures. 

There was some correlation between microfractographic modes and 
fracture toughness.   All conditions exhibiting low toughness had at least 
5 to 10 pet quasi-cleavage present; this quasi-cleavage appears to occur 
in equiaxed   a     All conditions exhibiting high toughness were free of 
any cleavage.   Also, all conditions containing coarse acicular  o;  ex- 
hibited high fracture toughness associated with large (over 20 /xm diame- 
ter or width) void cavities. 
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PREFACE 

This report is an account of the work performed at 
the Lockheed Palo Alto Research Laboratory on the 
Correlation of Microstructure with Fracture Tough- 
ness Properties in Metals for the U.S. Naval Air 
Systems Command. Contract N00019-72-C-0545, 
from 1 June 1972 to 30 September 1973.   The work 
was performed in the Metallurgy and Composites 
Laboratory, managed by Dr. T. E. Tietz.   The co- 
investigators were Dr. F. A. Crossley and Mr. 
R. E. Lewis, assisted by A. T. Davinroy, R. W. 
Lindberg, A. R. Hansen, and A. S. Gleason.   The 
project monitor was Mr. Theodore Highberger, 
Code Air- 5203ID, Naval Air Systems Command, 
Washington, D.C. 
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1.0  INTRODUCTION 

1.1  DEFINITION OF THE PROBLEM 

High performance naval aircraft use a variety of metallic materials, in both tension- 

critical and compression-critical structures.   Particularly in tension-critical applica- 

tions, the materials are used at a large fraction of their yield strength.   Such struc- 

tures periodically incur premature failure, usually by growth to critical size of a sub- 

critical crack originating from an incipient flaw or a fatigue-induced crack.   The 

fracture of key structural components often results in catastrophic loss of the aircraft 

and sometimes the crew. 

Analyses of these failures usually discloses one or more of the following conditions: 

(1) the service loads (including fatigue) were higher than predicted; (2) an undetected 

incipient flaw was present that acted as a primary site of fracture origin; (3) the micro- 

structure was lower in subcritical crack growth resistance and/or fracture toughness 

KT    than assumed. Ic 

The first discrepancy is solved when the service conditions are accurately identified 

and an appropriate stress analysis is performed for the subject parts. The develop- 

ment of computerized finite element and finite difference techniques, employing non- 

linear elastic-plastic analyses, is greatly alleviating this problem. 

The second discrepancy is solved if appropriate materials processing conditions and 

nondestructive inspection (NDI) techniques are developed.   Many improvements con- 

tinue to be needed in NDI, especially as higher strength materials a.*e used at higher 

stresses and more severe environmental conditions. 

The third discrepancy is possibly the most commonly incurred and least understood. 

Wide variations in microstructure occur in complex-shape, heavy-section forgings and 
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and fabricated components.   Typical examples are wing pivots, wing box support struc- 

tures, and other primary loaded structures in high-performance aircraft. 

Fracture and fatigue behavior of high-strength titanium alloys, steels, and aluminum 

alloys used in these aircraft are influenced by variations of "normal" microstructural 

features, as well as the presence of abnormal features.   For example, grain size and 

solute distribution can affect fracture behavior in all high-strength materials.   In a 

multiphase alloy, the type, amount, and morphology of one or more phases typically 

affect fracture behavior.   Abnormal features may include the presence of an embrittling 

element (such as excessive hydrogen in steel) or an embrittling compound, e.g., (Ti„Al 

in titanium alloys) which occurs as such small particles that they are discernible only 

by transmission electron microscopy.   Much research is needed to relate inherent and 

abnormal microstructural features to fracture behavior for these complex components 

that do not lend themselves to direct evaluation by laboratory or engineering tests.   It 

is a valid goal to develop useful corrleations between microstructures and fracture 

toughness parameters so that more comprehensive analyses can be performed for pre- 

dicting the useful service life of various highly stressed structures in high-performance 

aircraft. 

1.2   CONSIDERATIONS FOR MATERIAL SELECTION 

The superiority of titanium-base alloys in strength-to-density ratio and their resistance 

to heat at moderately elevated temperatures has earned them preference as construc- 

tion materials for supersonic airciaft of Mach 3 or greater speed.   However, it is not 

only in supersonic aircraft that titanium can be used to advantage for airframes.   The 

use of titanium will increase with the trend to larger commercial aircraft.   The longer 

sections and spars of the larger aircraft have rigidity requirements beyond the capacity 

of aluminum alloys.   Titanium alloys with elastic modulus values 40 to 80 pet higher 

than aluminum alloys and possessing increased strength and corrosion resistance repre- 

sent optimum materials for airframe construction.   The C5 A military transport, the 

world's largest airplane, has 12,000 lb of titanium in the airframe, including titanium 
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fasteners.   Lockheed's L-1011 air bus has more titanium than the C5 A in terms of 

absolute weight of titanium and as a percentage of the total structural weight of the 

airframe.   The Boeing 747 has four through-wing spars that are 20 ft long by up to 

11 in. in thickness.   Each spar is produced from a 4000-lb Ti-6A1-4V forging to a 

finished wieght of 1700 lb.   New figher aircraft such as the Navy F-14 and the Air 

Force F-15 will have airframes of 15 to 20 pet titanium.   On the basis of the struc- 

tural advantages of titanium alloys, it is reasonable to expect that they will be used 

in increasing amounts in commercial and military airframes.   Furthermore, it is 

certain the alloy development and fabrication development efforts will lower the costs 

of installed titanium.   As the cost of Installed titanium goes down, its use will in- 

crease at a greater than linear rate. 

In the last decade we have learned that structural design criteria are different depend- 

ing upon whether the stress state of the structural element is described as plane stress 

or plane strain.   In the former case, plastic instability is the mode of failure and the 

traditional method of designing at a fraction of yield strenr^h is valid.   However, in 

the latter case, catastrophic crack propagation under an elastic stress state is the 

failure mode. In the plane strain case, all materials are considered to contain flaws 

either inherent or as a result of processing which under certain conditions of loading 

provide sites for crack initiation.   The cracks experience a period of slow (i.e.,, 

stable) growth until they reach a critical size, at which point they become unstable 

and propagate catastrophically to failure.   Under these conditions a useful parameter 

to consider is the square of the ratio of plane strain fracture toughness to the yield 

strength (K, /F.   )    for this quantity ii, proportional to the critical crack size.   The 

ideal structural material for applications involving plane strain conditions has a criti- 

cal crack size sufficiently large that it can be readily detected by nondestructive test- 

ing techniques. 

In the plane strain regime, increasing the yield strength of the material is counterpro- 

ductive if by such change the fracture toughness-to-yield strength ratio is decreased. 

Maximum structural efficiency results when the material is heat-treated to a yield 
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strength such that the probability of failure by plastic instability is equal to the probabil- 

ity of failure by brittle crack propagation.   The applied stress is then set just below 

that which produces the stress intensity given by the plane strain fracture toughness 

index.   Figure 1 shows yield strength-to-density ratio versus the critical crack size 

criterion (K- /F. )    for several high-strength, high-toughness steels and some 
titanium alloys. 

It is clear that for a given flaw size (ordinate) titanium alloys offer greater structural 

efficiency (abscissa) than do steels.   A further consideration is the susceptibility of 

the material to slow crack growth at lower stress intensity levels in the presence of 

water or sea water, i.e., threshold fracture toughness,   K,      ,  rather than plane 

strain fracture tou^iness,   K,  .   With the exception of the newly developed 10-Ni-2Cr-l 

M0-8C0-O.IC steel,* steels are notoriously susceptible to this type of stress corrosion 

while titanium alloys show variable susceptibility depending upon alloy composition and 

processing and thermal history.   Titanium alloys show marked superiority over steels 

when the environmental influences of sea water are taken into consideration as demon- 
strated by Fig. 2. 

It is desirable that critical parts, the failure of which would result in loss of the air- 

craft, be designed "fail-safe. *' That is, the flaw size associated with failure is suf- 

ficiently large that the probability that it would escape detection is negligible.   If per- 

formance specifications dö not permit this degree of design conservatism, then it is 

prudent to use the material providing the largest critical flaw size for a given structural 

efficiency index.   These considerations lead to the selection of titanium alloys over 

steels for use in aircraft structures involving heavy sections. 

The titanium alloys shown in Figs. 1 and 2 are Ti-6A1-4V, the "workhorse" of the 

industry:    Ti-6Al-6V-2Sn, the candidate replacement for Ti-6A1 -4V when higher 

hardenability is desired; Beta DI (Ti-11.5Mo-4.5Sn-6Zr), the new metastable beta' 

alloy; and Transage 129 (Ti-2Al-11.5V-2Sn-llZr), a new type of martensitic titaniuni 

*A11 alloy compositions and all additions to alloys are expressed in wt pet. 
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alloy developed at LMSC (1-3) having exceptional promise for applications across-the- 

board in airframes in the near future. 

While Ti-6A1-4V alloy has been applied in aircraft for some 15 years, its use has been 

predominantly in engines where plane strain conditions do not generally apply.   This 

may explain why there is a paucity of valid plane strain fracture toughness data on this, 

the most used titanium alloy.   Data on the stress intensity required for slow crack 

growth in the presence of sea water are even more rare. There has been no systematic 

study of the relationship of microstructure to plane-strain fracture toughness involving 

Ti-6A1 -4V.   In general, it is recognized that the Widmanstätten structure is superior 

in plane-strain fracture toughness to the equiaxed structure.   Beta-forged compressor 

wheels have been reported to have 40 to 70 pet higher fracture toughness  (K^)   than 

o;-/3-forged wheels/ ' 

Resistance to slow crack growth under plane strain conditions and notched bar resistance 

to high cycle fatigue would appear to be related in similarity of microstructural depen- 

dance.   That is, structures which produce relatively higher notched fatigue strength at 
ft 7 

10   to 10   cycles are associated with relatively higher plane strain fracture toughness. 

In this regard it is interesting to note that /3-forged Ti-6A1 4V was found to have the 
7 

same fatigue strength at 10   cycles for  K. = 3.0 and R = +0.1 as  a-ß-forged 

Ti-6A1-4V.   Beta forging results in worked Widmanstätten structures compared with 

equiaxed structures produced by  a-ß   forging.   However, castings of Ti-6Al-4V, 

representing as-transformed Widmanstätten structure, were found to have 80 pet 

higher fatigue strength under these conditions compared with equiaxed sheet and plate 

products, and twice the fatigue strength of /3-forged material representing worked 

Widmanstätten structures at 10   cycles/ '  Comparisons between ^Tworked and a-ß- 

worked Ti-6A1-4V alloy may appear contradictory.   However, it may be noted that 

/3-worked material can vary in microstructural appearance to closely approximate as- 

transformed Widmanstätten at one extreme to equiaxed a-ß at the other.   Besides 

being of interest because it occurs in castings, as-transformed Widmanstätten is also 

of interest because of its occurrence in weldments, in weld heat-affected zones, and 

a.; a processing defect due to overheating into the /3-phase field. 



Somewhat related to as-transformed Widmanstätten structures is martensite formed 

by very rapid cooling (e.g, water quenching sections of 1 in. or less) from the /3-phase 

field.   Van Orden and Soffa reported electron beam weldments in Ti-6A1 -4V to have a 
7 

10   cycle fatigue strength of 44 ksi for  K   = 3.0 and R = 0.1, compared to 26 ksi 

for ß-iorged materials and 20 ksi for a-ß-iorged material. ^ '   This is a spectacular 

41 pet increase in notched fatigue strength for the EB weldment compared to /3-worked 

material.   The structure of the EB weldment was martensite.   It should be noted that 

martensite xs the only microstructure possible in Ti-6Al-4V alloy that is not charac- 

terized by a linear interface between a and ß assuming 100 pet transformation. 

Martensite needles, i.e., alpha, 3nd at prior ß grain boundaries, while a; formed 

by nucleation and growth processes forms preferentially in prior ß grain boundaries. 

More will be said about this below in the discussion of the work of Greenfield and 
(7) Margolin.v '   The exceptionally high fatigue strength of the martensitic structure dic- 

tates that it should be evaluated for its own sake as well as for its occurrence in EB 

weldments. 

Ti-6A1-4V alloy was selected as the material for investigation because it continues to 

be the most used titanium alloy.   Valid plane-strain fracture toughness data are needed 

to ensure reliability of the new aircraft now in development such as the F-14, the F-15, 

and the B-l Air Force bomber.   A definition of the relationship between microstructure 

and plane-strain fracture toughness is urgently needed because of the wide variety of 

microstructures that are possible in Ti-6A1 -4V considering heat-treated extrusions, 

forgings, plate, weldments, and castings.   Furthermore, Ti-6A1-4V is an ideal model 

alloy because of its relative simplicity of composition and the fact that the stronger and 

deeper hardening a-ß alloys are simply more complex analogies of it.   Finally, of all 

titanium alloys now in production, it has the least problems with macroscopic and 

microscopic segregation upon melting and solidification and for this reason is much 

favored among users. 

1. 3   THEORETICAL CONSIDERATIONS 

The only published study relating microstructural features to fracture toughness in 

titanium alloys is the work of Greenfield and Margolin.v '  The study included 
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equiaxed and Widmanstätten microstructures of the alloy Ti-5.25Al-5. 5V-0.9Fe-0.5Cu 

for a common STA condition.   Equiaxed sturctures were found to follow the relationship 

KQ =   43 + 400/D (1) 

1/2 where K^ is the calculated fracture toughness index (ksi-in     ), and D  is the ß 

grain diameter  (^m).   At the solution treatment temperature, the ß-.ot   ratio was ap- 

proximately 1:1.   Widmanstätten structures were found to have higher fracture tough- 

ness for the same strength level (and, incidentally, lower tensile ductility) than equi- 

axed structures.   The relationship for Widmanstätten structures was found to be 

.KQ   =   43 + 400/D +  10.5 (£- 2.6)       ;      2.6<fis5.5 (2) 

where  KQ and  D are as defined above and S.  is the width of the continuous  ot   in the 

ß   grain boundaries.   It may be noted that this grain boundary a  makes a contribution 

to fracture toughness provided it is at least 2.6 /xm thick.   The importance of the grain 

goundary  a  lies in the fact that fracture is intergranular and the crack propagates 

along the interface between a  and ß .   Solution-treated and aged Ti-6A1 -4V apparently 

always, or nearly always, has  ot  in the ß  grain boundaries; for ß/ß  boundaries 

existing after solution treatment will develop  ot   precipitates during aging.   Apparently, 

when such  a  particles surpass the 2.6 um thickness, they increase the crack tip 

critical plastic zone size and thereby enhance resistance to crack propagation.   In this 

regard martensitic structures are of special interest because the prior  ß  grain 

boundaries of fully martensitic structures contain no continous films of  a .   For this 

reason, martensitic structures are included in the present study. 

The finding of Greenfield and Margolin that Widmanstätten structures have superior 

fracture toughness to equiaxed structures in spite of having significantly lower tensile 

ductility contradicts the model proposed by Hahn and Rosenfield/ ' 
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where  E   is the elastic modulus,   F      is the tensile yield strength,   c    is the critical 

true strain for coalescing voids which Hahn and Rosenfield propose is approximately 

the true strain at fracture (In a /a.) displayed by a uniaxial tensile specimen, and n 

is the strain hardening exponent.   Greenfield and Margolin observed that their fracture 

toughness specimens did not fail by void coalescence, and therefore their findings do 

not challenge the above model, for that model should apparently be applied only in cases 

where the observed microfractographic mode of plane strain fracture is by void 

coalescence. 

1.4   DEFECTS 

1.4.1  Inherent Defects 

The only continuing inherent defects occurring in Ti-6A1-4V alloy to the authors' 

knowledge are void-associated alpha stabilized inclusions and alpha segregation.   Both 

defects are relatively uncommon.   The void-associated alpha stabilized defects are 

macroscopic in size.   A very recent paper by Henry, et al. attributes these defects 

to contamination of magnesium-reduced titanium sponge by air leaks during the distil- 

lation cycle or to the use of air-contaminated magnesium.   '  The effect of this defect 

on strength can be estimated by fracture mechanics assuming a critical incipient flaw 

the size of the defect.   The second type of inherent defect, alpha segregation, is a 

general microstructural condition which manifests itself as massive areas of  a , some- 

times many times larger than the grain size of the (usually) equiaxed a-ß  matrix. 

As defined herein, alpha segregation is not that which occurs as a result of ingot segre- 

gation during solidification in the pipe region (a problem that has been cured by special 

melting practice applied to the last metal to solidify).   Rather, it is segregation which 

results from hot working practice, and is also called, "stringy alpha,,"  It is caused 

by alpha nucleation and growth to such a large size under condition of slow cooling 

through the beta transus temperature that it is very difficult to eliminate in subsequent 

hot working operatings.   The defect is a valid area of concern; therefore, it is included 

in the current investigation. 



1.4.2   Processing Defects 

The Ti-6A1 binary alloy becomes saturated with respect to aluminum at about 1185°F, 

and at 9000F the solubility of aluminum in titanium is reduced to 4 pet.'    '   In binary 

Ti-Al alloys, the occurrence of Ti,Al is associated with loss of tensile ductility and of 
nn d 

impact resistance.v   '  However, in ternary alloys containing an isomorphous ß- 

stabilizer such as Cb, Mo, Ta, or V, the effects of the Ti-Al precipitation reaction 

are more complex.   The isomorphous /3-stabilizers appear to make the Ti^Al precipi- 

tation reaction more sluggish, and to suppress its precipitation at grain boundaries. 

There appears to be a morphology and/or distribution of Ti„Al which enhances impact 

resistance.   Crossley reported the Ti-7Al-3Cb alloy to exhibit this phenomenon to an 

exceptional degree. ^   '   Alpha alloys containing oxygen at the level of 0.08 wt pet aged 

at 1200°? (i.e., the approximate position of the nose of TTT curves for TUAl forma- 

tion) for 10 hours exhibited Charpy V-notch impact energy at -80oF as follows: 

Alloy Atomic Pet Solutes at -80oF (ft-lb) 

Ti-7A1 12 44 

Ti-8A1 13.5 10 

Ti-7Al-3Cb 13.5 83 

There appears to be a similar effect of TUAl morphology and/or distribution on frac- 

ture toughness.   This is demonstrated below by data for l/2-in. plates taken from 

Piper, et al.v    ' 

Allo^ 
1/2 

Ftu(ksi)          KQ(ksi-ln^) 
1/2 

Krt     (ksi-in '   ) 
Qsccx                 ' 

Mill Annealed 

Ti-6Al-4V 133                        83 38 

Ti-8Al-Mo-lV 150                        44 

Duplex Annealed 

21 

Ti-6A1-4V 131                          71 57 

Ti-8Al-lMo-lV 140                        100 28 
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The specifics of the annealing treatments were not reported; however, the mill anneal 

conventionally involves furnace cooling from 1350° or 1450oF to 1050oF or lower tem- 

perature.    That is, mill annealed alloys are slowly cooled through the temperature 

range of maximum rate of Ti„Al formation.   The duplex anneal consists of following the 

mill anneal with reheating to a temperature of 1450oF, or higher temperature but below 

the ß transus, and air cooling.   The duplex anneal was developed for alpha-beta alloys 

containing 6 pet or more aluminum in order to improve their resistance to stress cor- 

rosion.   The duplex anneal reduces the extent to which the Ti„Al precipitation reaction 

has progressed compared to the mill annealed condition.   Note that Ti-6A1-4V has 

higher fracture toughness in the mill anealed condition but lower stress corrosion 

threshold.   On the other hand, Ti-8Al-lMo-lV has better fracture toughness and better 

stress conosion threshold in the duplex annealed condition.   Considering duplex an- 

nealed conditions, Ti-8Al-lMo-lV is superior in fracture toughness to ,^i-6Al-4V, but 

its stress corrosion threshold is only one-half as high. 

These observations present a quandary.   When exceptionally high fracture toughness is 

observed in an alloy such as Ti-6A1-4V, is it due to TUAl? If so, then we may be 

required to pay a price in resistance to stress corrosion, that is,   K,      .   Further- 

more, at present it appears that determination of the threshold fracture toughness in 

the presence of sea water, or a salt solution approximating sea water, is the only 

means of determining if the high K,    is at the expense of K.      .   Processing sche- 

dules that maximize the extent of Ti„Al precipitation may be considered undesirable, 

and the resulting precipitate a defect. 

The most common processing defects are oxygen and hydrogen contamination.   Oxygen 

contamination most frequently is the result of insufficient removal of contaminated 

surfaces from hot worked parts or parts or parts heat-treated in air, or castings 

made in an oxide coated mold.   Hydrogen contamination may result from improper 

pickling, and from heat-treating in a reducing atmosphere.   Both interstitial impuri- 

ties are known to degrade fracture toughness.   Overheating into the ß-phase field so 
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that an unworked or as-transformed Widmanstatten structure results (and is not 

desired) is a processing defect which may result in the parts being scrapped. 

Occurrence of T ,A1   and hydrogen and oxygen contamination are not included in the 

investigation reported herein, but are candidates for an extension to the current 

study. 

11 
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2.0 MATERIALSAND METHODS 

2.1 MATERIALS, PROCESSING, AND HEAT TREATMENT 

The two major titanium producers, Titanium Metals Corporation of America (TMCA) 

and Reactive Metals, Incorporated (RMI), were surveyed to determine the character- 

istics of the Ti-6A1-4V plate stocks they are currently producing.   Reactive Metals 

is producing Ti-6A1-4V plate for the F-14 and F-15 systems.     The plates are of stan- 

dard grade Ti-6A1-4V with a 0.2 pet oxygen maximum and have equiaxed microstruc- 

turc.   Plates thicknesses being produced are 5/8 and 3/4 in.    Ti-6A1-4V plate intended 

for use in the B-l is of the ELI {extra low interstitials) grade with a 0.13 pet oxygen 

maximum.   Such plate is required to meet fracture toughness and microstructural 

specifications in addition to the usual tension test specifications applicable to the stan- 
1/2 1/2 

dard grade.   The specifications require a minimum  K,     of 70 ksi-in       (75 ksi-in 

desired), and that the plates have sufficient stored energy that they recryslallize to an 

equiaxed microstructure when subjected to a simulated diffusion bonding heat treatment 

cycle, which involves heating to 1750 F.    Plate of greater thickness than one-inch for 

the B-l program is supplied by TMCA. while Ti-6A1-4V plate for the F-14 program is 

supplied solely by RMI. 

Since plate for the B-l program is being purchased to a fracture toughness specifica- 

tion, such plate is being well characterized with respect to this property.   Also, 

because of the microstructural specifications and the diffusion bonding joining process, 

microstructural control is, in all likelihood, considerably greater than for mill pro- 

duction and user frabrication of the standard grade plate being used in the F-14 and 

F-15 systems.    Therefore, it was considered that the current program would provide 

the greater service by selecting plate being supplied for the F-14 and F-15 programs 

as the primary basis of the investigation. 

12 
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The fcm, source, and chemistry of the Ti-6A1-4V materials of the current investiga- 

tion are summarized in Table I. The 1-in. plate was specified to have a microstruc- 

ture approximating as closely as possible that of 3/4-in. Ti-6A1-4V plate supplied for 

the F-14. (It may be noted that 3/4-in. is the thickest plate supplied for the F-14; 

however, 1-in. is needed to satisfy plane strain requirements for the level of fracture 

toughness anticipated.) The 2.4-in. plate was cut from a plate supplied for the Rock- 

well International B-l program. 

The processing schedule to produce the 4 x 4-in. forged billets is given in Fig. 3. 

The billet processed to produce the »-segregated, worked Widmanstatten microstruc- 

ture was not evaliated during the current investigation; it will be included in an exten- 

sion of this work. 

The heat treatment applied to produce the various microstructural conditions of this 

investigation are given in Table II.   The given heat treatment was applied to a single 

piece of alloy of sufficient size that all oi the required test specimens could be 

machined from it. with the exception of conditions requiring an iced brine quench from 

the /i-phase field in order to simulate the rapid cooling of an electron beam weld in a 

heavy section.   In this case, individual specimen blanks were cut before heat treatment; 

however, all blanks for a given condition were heat-treated simultaneously.   These 

procedures were followed to ensure that all test specimens and metallographic samples 

representing a given condition experienced an identical thermal history; and to approxi- 

mate as closely as possible production practice which would necessarily involve the 

heat treatment of large volumes of metal. 

2.2  MECHANICAL PROPERTIES TESTS 

Tensile Properties 

The tensile properties- ultimate strength, 0.2 pet offset yield strength, percent 

elongation at fracture, and percent reduction in area- were determined in accordance 

with the requirements of the applicable ASTM standards.   The tensile test specimen 
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configuration is shown in Fig. 4.   Specimen orientation was long transverse in the plate 

and transverse in the billet materials.   One test was conducted for each of the 28 micro- 

structural conditions.   Loads were applied with a Tinius Olsen multirange 120,000-lb. 

capacity hydraulic testing machine.   The accuracy of this machine meets or exceeds 

the accepted ASTM standard of 1 pet of indicated load.   The specimens were loaded at 

a strain rate of 0.005 in/in/min to yield then increased to approximately 0.020 in/in/ 

min to fracture.   Strains were measured with an ASTM class B-l, LVDT extensometer. 

Individual load-elongation curves were autographically recorded for each specimen 

tested.   These records were used to obtain the load at 0.2 pet offset strain and ultimate 

load for calculation of yield and ultimate strengths, respectively. 

The percent elongation was computed from the measured change in separation between 

two gage marks preplaced one inch apart along the specimen length.   The two pieces of 

the tested specimen were removed from the test assembly and fitted together to make 

this measurement.   The percent reduction in area was computed from measurements of 

the cross-sectional diameter at the necked-down region compared with the original 

diameter at the same locus. 

Fatigue Crack Growth and Fracture Tougness Properties 

For each heat ti eatment condition   two specimens of the same configuration were em- 

ployed for evaluating fatigue crack growth rate behavior <da/dN vs  AK).   One of these 

specimens was also used to obtain a value of the fracture toughness index,   K.    or 

K^ .   The specimen configuration selected was the compact tension (CT)  type   shown 

in Fig. 5.   This specimen type has the advantage of requiring the smallest volume of 

material to obtain plane-strain conditions and also is covered by an appropriate ASTM 
(14) specification. Orientation of each specimen was TL, i.e.. the crack plane normal 

to the long transverse direction in the plate or transverse in the billet, and crack 

growth direction parallel to the longitudinal or rolling direction. 

In each specimen, the starter notch was sharpened to fatigue crack acuity by low stress 

tension-tension sinusoidal loading.   The maximum load in pre-cracking was closely 
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controlled, so that the plastic zone produced at the crack tip did not interfere with 

subsequent da/dN determinations.   The pre-crack length was nominally 0.75 in, 

(a/W = 0.3). 

The pair of specimens for each heat treatment condition was tested in the following way. 

The first specimen was loaded sinusoidally in tension-tension at a frequency of 10 to 

16 Hz, and a minimum to maximum load ratio of 0.1 (i.e.,  R = 0.1).   The cyclic load 
-5 -3 

was adjusted to provide crack growth rate data in the range of 10    to 10    in. per 

^ycle.   The load range was periodically adjusted upwards as the crack extended to 

obi,ain incremental ranges of crack growth data.   The crack length was monitored by 

an ultrasonic transducer positioned on the top of the test specimen (Fig. 6) sc that the 

ultrasouic beam reflection from the crack front at mid-thickness and the bottor.» surface 

of the specimen could be compared electronically.  The difference in amplitude botween 

these two reflections was used to generate an error signal used to drive a gear hea^ 

motor which repositioned the transducer to reduce the error signal to zero.   The posi- 

tion of the ultrasonic transducer was independently monitored by a linear variable dif- 

ferential transducer (LVDT), the output of which provided a numerical value of crack 

length.   The cycle count was obtained from a digital ramp function generator, calibrated 

for the sinusoidal load frequency applied to the specimen by a closed loop, electro- 

hydraulic fatigue unit.   An X-Y plotter was used to make an autographic record of crack 

length (ordinate) versus cycles (abscissa).   Data were obtained in this manner to the 

maximum extent of useful subcritical crack length of the specimen, approximately 1.73 in. 

The second specimen was used to obtain fatigue crack growth rate data in the same 

manner as the first specimen, but with two differences.   One difference was that the 

cyclic load was adjusted to provide crack growth rat? data in the range of 10~   to 10 

in. per cycle.   The other difference was the fatigue crack length was extended to between 

1.13 and 1.36 in. (0.45 s a/W ^ 0.55).   Thus, the second specimen provided comple- 

mentary data to the first specimen, and the final fatigue crack length was in the appropri- 

ate range for subsequent testing to obtain a fracture toughness value,   K.    or  K^. 
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After fatigue testing, the second specimen was removed from the axial fatigue unit, and 

a crack opening displacement (COD) gage was affixed.   This specimen was then loaded 

to failure to obtain a valid plane-strain fracture toughness index, according to ASTM 

Standard E 399-72.   During this test, load (ordioote) vs. COD (abscissa) was autographi- 

cally recorded.   The conditional stress intensity factor  (Kp.)   was then calculated from 

the equation: 

KQ   =  C PQ/**
1
'

2 

where  C  is a function of the dimensionless ratio of the crack length to specimen length, 

PQ is the conditional value of the critical load as defined in the ASTM specification, 

B  is the specimen thickness and  a  is the average crack length from the load line.   The 

function,   C , is expressed in polynomial fronr   ' as: 

C   -       30.96(a/W) -  195.8(a/W)2 + 730.6(a/W)3 

-  1186.3 (a/W)4 + 754.6(a/W)5 

where  W  is the specimen length measured from the load line. 

When the  KQ value was obtained, it was then determined whether  KQ equals a valid 

K,  .   Two major tests and a number of minor tests are applied to make this determina- 

tion.   The major tests are   1.00 s P       /P^ < 1.10 and B , a , W-a , and H > 
P max    y 

2.5(K/^/F.   )   , where   P is the maximum load obtained in the test, and H  is the 
Q    ty'   ' max 

height of the specimen from  the crack plane.   The minor tests involve rate of loading, 

crack shape, and a number of other factors detailed in the ASTM specification. 
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2.3 METALLOGRAPHY AND FRACTOGRAPHY 

Metallography 

Metallographic samples were prepared for light microscopy by mechanical polishing. 

Polished samples were etched by immersion in a 10 vol. pet solution of 49 vol. pet 

concentrated fluoboric acid (HBF.) for a time of 1. 5 to 2 minutes.   Thin-foil electron 

transmission studies were done with a Siemens Elmiskop 1A-125 kV electron micro- 

scope equipped with a universal specimen stage with a double tilt.   Samples were cut 

from bulk material to the dimensions:   2.3 mm diameter x 1/4 to 1/2 mm thick. 

Cutting means were carbide abrasive wheel and jewelers saw.   A Fischione twin jet 

electropolisher was used for thinning the disc specimens.   Polishing was automatically 

stopped when a hole formed in the center of the sample.   The electrolyte was 40 ml 

methyl alcohol, 20 ml H^SO. , 60 g A1C1„ , and 20 g ZnCl» .   Polishing conditions were: 

15 V , 10-20 mA , and bath temperature of 230F.   The foils were rinsed in ethyl alcohol 

upon removal from the bath. 

Fractography 

Fracture surfaces of each  K,    test specimen were cleaned by immersing one-half 

of a full specimen in acetone at room temperature for 5 to 15 minutes in a low-power 

ultrasonic bath.   Each specimen half was inserted intact into the chamber of the 

Cambridge Steroscan E Scanning Electron Microscope (SEM).   The angle between 

the incident electron beam and collector tube is 90 degrees; the angle between the 

(normal to the) specimen fracture surface and incident electron beam was 10 to 30 

degrees, inclined toward the collector.   An accelerating voltage of 10 kV was em- 

ployed.   Two areas at mid-thickness on each fracture surface were documented at 

1200 ± 200 magnifications.   One area was a fatigue region 4 mm before the onset of 
-5 

rapid crack propagation, where the macroscopic crack growth is nominally 10     to 
-4 

10     in. per cycle.   The other area was in the elastically unstable (fast fracture) 

crack growth region, 2 mm beyond the fatigue crack region. 
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The hardness of each microstructural condition was obtained by averaging ten or more 

Rockwell "C" readings obtained on both sides of one fracture toughness specimen. 

These readings were taken at approximately 5-mm intervals in a line parallel to the 

crack plane and 2-3 mm from the crack plane. 
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3.0  RESULTS AND DISCUSSION 

3.1   TENSILE PROPERTIES 

The tensile properties for the twenty-eight product-heat-treatment conditions are given 

in Table ID.   These data provide a useful baseline characterization of both strength 

and large volume plastic deformation capacity (elongation, reduction of area).    The 

properties are grouped according to product and subgrouped according to type micro- 

structure.   Within each type microstructure, they are grouped according to type of 

heat treatment.   The fracture toughness properties, hardness, Young's Modulus, and 

some other calculated values (calculated plastic zone size,  r   , and flaw size sur- 

viving a particular proof test;  a.)  are also contained in this table and will be discussed 

later. 

The individual tensile properties within a particular product- structure- heat-treatment 

type (P-S-HTT) combination do not vary much about the average values within that set. 

This is particularly true for yield and ultimate tensile strength.   Elongation and reduc- 

tion of area (RA) vary little within a P-S-HTT set except for the 1-in. Widmanstätten 

plate, solution heat-treated and aged (Conditions 10, 11, 12, and 14); these vary from 

5 to 18 pet RA.   Condition 14 in this set does not have a valid elongation measurement 

as the specimen broke outside of the gage section.   The implication of this combined 

with the low (5 pet; RA would lead one to expect this microstructural condition to exhibit 

a low fracture toughness.   As can be seen in Table III,   KT    for Condition 14 is 71 ksi- 
1/2 in      , contrary to expectations.   The significance of acicular microstructure (a charac- 

teristic of Condition 14, see Fig. 22) to high fracture toughness is discussed in detail 

later. 

No particular relation between yield strength and elongation or RA was found even 

within a particular P-S-HTT set.   Thus, each microstructural condition has a unique 
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set of tensile properties which is similar only to other conditions within the same 

P-S-HTT set. 

3.2   FRACTURE TOUGHNESS PROPERTIES 

The fracture toughness index,   K,    (or in some cases,   K0)  was determined for 

each of the twenty-eight conditions.   K^ is used to designate toughness when a major 

test of validity for K,    is not met.   The fracture toughness test for some conditions 

resulted in some other minor violations of KT    validity according to ASTM Specifi- 
(14) lc 

cation E 399-72,v   '   The fracture toughness index,   K,     or  KQ ,  is presented in 

Table in, along with an indication of violations of the specification requirements.   The 

violations noted in Table III and described in the ASTM Specification are presented in 

Table IV.  Data obtained for each specimen is illustrated for Condition No. 1 in Fig. 7. 

It is the authors' judgment that a conditional value of the fracture toughness index, 

K« ,  is essentially equal to a valid  K.    if it meets the major tests for validity, and 

is listed as such in Table III.   This interpretation is consistent with the practice prior 

to publication of the ASTM Specification.   For example, the recently released Damage 

Tolerant Design Handbook incorporates ^his practice/    ' 

A useful relation of fracture toughness between different microstructural conditions is 

the comparison of K.    and  F    .   Such a comparison is made in Fig. 8.   Although the 

overall range of toughness is from 46. 9 to 110. 9 ksi-in       (Conditions 1 and 2), respec- 
1/2 tively, only Condition 2 exceeds 87.2 ksi-in      .   Test results for Conditions 2, 7, 8, 

2 
and 13 failed to meet the size requirement;  B,  etc.   a 2.5(K0/F.   )   . 

With the exception of Condition 2, the upper bound of toughness declines with increas- 

ing yield strength.   This is a commonly observed generality for structural materials. 

For a particular level of yield strength such as 125 i 5 ksi, there is a significant range 
1/2 in toughness from a low of 47.7 ksi-in       for Condition 15, as received, 2.4-in. thick 

1/2 plate to a high (K«) of 87. 2 ksi-in       for Condition 13, 1-in. thick plate, annealed 

Widmanstätten structure.   At higher levels of yield strength, the fracture toughness 
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range is narrower with the exception of Condition 2.   Above a yield strength of 160 ksi, 
1/2 the fracture toughness range narrows to 48 ± 1 ksi-in     .   Only one type structure, 

fine equiaxed, 1-in. plate, developed a yield strength in excess of 160 ksi.   It is inter- 

esting to note that over the entire range of yield strength from 120 to 160 ksi, the lower 
1/2 bound of toughness is constant, 47—48 ksi-in      .   The three lowest fracture toughness 

values were for Conditions 15, 1, and 4, having yield strengths of 120, 144, and 164 ksi, 

respectively.   Conditions 15 and 1 represent as-received (mill-annealed) conditions, 

while Condition 4 represents an STA condition.   Condition 15 presumably represents 

material supplied for the Air Force B-l bomber program.   The purchase specification 
1/2 for such material requires a minimum toughness of 70 ksi-in      following a heat- 

treatment cycle consistent with diffusion bonding temperature-time parameters.   The 

heat treatment for Condtion 16 (17750F-l/2 h-AC, 1450oF-l h-AC) simulates a diffusion 

bonding cycle.   This heat treatment applied to the 2.4-in. plate produced a modest in- 

crease in yield strength from 121 to 134 ksi; but produced a significant improvement in 
1/2 fracture toughness from 47.7 to 79.9 ksi-in      .   The simulated diffusion bonding cycle 

applied to the as-received 1-in. plate produced even greater change in fracture tough- 

ness - compare Conditions 1 (as-received) and 2 (simulated diffusion bonding cycle) in 

Fig. 8.   Published data for 1-1/4-in. mill-annealed plate of Ti-6A1-4V shows an average 
1/2 (17) fracture toughness of 95,7 ksi-in       and yield strength of 119.4 ksi.v    '    Although this 

strength compares favorably with the nominally equivalent Condition 1 of the present 

study, the fracture toughness is twice as high.  The 1-1/4-in. plate is believed to have 

been heat-treated in the  a-ß phase field, as was the as-received 1-in. plate.   A 

possible explanation for this discrepancy is presented later when microstructures are 

discussed. 

Besides the fracture toughness index, two other related factors are presented in 

Table in.   These are   r   , the calculated plastic zone size (radius) at onset of elasti- 

cally unstable fracture, and  a.,  the maximum size (depth) of a semicircular surface 

flaw surviving a proof test at a given stress.   The numerical value of  r    has no engi- 

neering usefulness, but simply indicates the maximum size of the intensely deforming 

region immediately ahead of the crack tip.   The maximum source of energy absorption 

in the crack propagation resistance (fracture toughness) of a metallic material 
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stressed in tension is the work involved in plastic deformation.   A large critical plastic 

zone size indicates a high resistance to crack propagation.   Computation of r    is made 
/ig\ 

from the equation for stress distribution normal to the crack plane ui the crack tipv    ': 

y V27r (4) 

For plane strain conditions, Irwin^    ' computes: 

r    = isfe)" ■ -ft)' 
The maximum flaw size for survival of proof testing,   a.  valuet. in Table HI were cal- 

culated for an applied tensile stress of 120 ksi for each material condition.   For the 

semicircular surface flaw model: 

ai        1.2 7r y  cr   / (6) 

where: 

Q        -    2.467 - 0.212 
fe)! 

a        -    applied stress, 120 ksi 

F        =    tensile yield strength 

K,       -    fracture toughness index 

The magnitude of a.   is important with respect to the usefulness of nondestructive test 

(NDT) techniques other than the proof test.   A range of 0.030 to 0.050 in. is the size 

often quoted as being reliably detectable by high quality X-ray, ultrasonic, eddy current, 
(20 21) etc., techniques.v    '    '    A proof stress of 120 ksi would not detect any flaws smaller 
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than 0.094 in. deep for Condition 1, or smaller than 0.524 in. for Condition 2.   Thus, 

conventional NDT would establish a smaller initial flaw size than a proof test at 120 ksi 

stress.   Establishment of an initial flaw size at least as small as the detectable limits 

of high-quality NDT is desirable in order to maximize the life of a structure in terms 

of subcritical crack growth.   Application of a proof stress higher than 120 ksi could be 

applied beneficially only to those structures known to have a yield strength in excess of 

the proof stress.   Because of the strong probability of not knowing the microstructural 

variation in some complex part, and the corresponding yield strength and toughness 

variations, a great risk is incurred by proof testing Ti-6A1-4V components at a stress 

higher than 120 ksi.   Newer NDT techniques, for example, acoustic emission, offer 

promise of being able to establish a smaller initial crack size than proof testing, thus 

increasing reliability in terms of service life. 

3.3   RELATIONSHIP OF MICROSTRUCTURES TO MECHANICAL PROPERTIES 

Microstructures of the various conditions evaluated are shown in Figs. 9 through 37. 

For convenience in relating mechanical properties to structure, plane-strain fracture 

toughness and 0.2 pet offset yeild strength are given below the photomicrographs. 

Micrstructures of Conditions 1,2, and 3, of the 1-in. plate are shown in Fig. 9, 10, 

and 11.   Nominally, the heat treatments are similar.   Condition 1 was solution heat- 

treated at 17250F for 1 h and air-cooled; while Conditions 2 and 3 were solution heat- 

treated at 17750F for 1/ h and 1750oF for 2 h, respectively, and air-cooled.   All 

three conditions were given a final anneal of 1450°F-l h-AC.   While there was no sig- 

nificant variation in yield strength for the three conditions, fracture toughness differed 

by more than a factor of two with the as-received Condition 1 having the lowest value. 
1/2 KT    = 47 ksi-in       ,  and Condition 2 having the highest value of all 28 conditions, i.e. . 
1/2 K„ = 111 ksi-in      .   The absence of coarse acicular areas in the Condition 1 micro- 

structure compared to Conditions 2 and 3 indicates that it cooled considerably more 

slowly from solution heat treatment than the other two.   The grain size of Condition 1 

is clearly smaller than Conditions 2 and 3 suggesting that the absence of acicular areas 

is a significant factor in the low fracture toughness associated with this condition. 
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Also, the inference of slower cooling raises the suspicion that perhaps the Ti_Al pre- 

cipitation reaction is more advanced for Condition 1 than in the other two.   At 14500F 
(22) 

the Ti-6A1-4V alloy is just inside the boundary of the   a + ß + Ti„Al phase region     ' 

suggesting that most of what Ti„Al may have formed upon slow cooling from the solu- 

tion heat treatment temperature would dissolve at 1450°F.  However, if the as-received 

Condition 1 were more slowly cooled from the final 1450°F anneal than Condtions 2 and 

3, which seems likely because of the much larger volume of metal involved, then the 

suspicion that TigAl is more prevalent in Condition 1 is restored.   It may be noted that 

no evidence of Ti„Al formation was observed in transmission electron microscopy 

(TEM) of this material.   The TEM results are discussed in greater detail later. 

Conditions 4,5, and 6 represent identical STA type heat treatments of the 1-in. plate 

in the equiaxed condition differing only in the time of the solution heat treatment in 

order to vary the size of primary  a .   Fracture toughness and yield strength for the 

three conditions differ but little from the average values for the three of KT    = 49 ksi- 
1/2 

in        and  F.    =162 ksi.   The average grain diameter in the transverse direction of 

the primary  a   grains is 3.2 /xm for Condition 4 and 5.9 ^xm for Condition 5; while 

there is no significant difference between Conditions 5 and 6.   The findings of Greenfield 

and Margolin^ ' would have (indirectly) l^d one to expect Condition 4 to exhibit higher 

fracture toughness than Conditions 5 and 6.   We believe that the ß grain diameter,   D . 

in Eq. 1 is a variable which is dependent upon the particle, or grain, size of the primary 

a .  Greenfield and Margolin employed a solution heat-treatment temperature of 1625^ 

but measured ß   grain size after heating to 16750F.    Crossley contended that during 

such heating,   a  dissolved and ß  grew proportionately in order to adjust the  a/ß 

ratio- the driving force being the free energy to establish equilibrium between the two 

phases.      '  Another way of stating this phenomenon is that during heating the   a/ß 

boundaries migrate toward the center of the primary  a   grains terminating in an all 

ß  structure when the ß/a + ß  transus is reached.   Employing the data of Greenfield 

and Margolin, one obtains a relationship similar to Eq.   1 between K^  and d ,  the 

transverse dimension of the primary  a , to wit: 

K^   =  45 + 83/d (7) 
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1/2 where  K     is expressed in ksi-in      and d in urn.    However, scatter in the data is 

wide, particularly at smaller values of d .   It may be noted that the grain diameters 

reported above for Conditions 4 and 5 are within the range of values measured by 

Greenfield and Margolin, but that the alloy of the Greenfield and Margolin study was 

Ti-5.25A1-5.5V-0.9Fe-0. 5Cu.   The difference in composition between this alloy and 

Ti-6A1-4V may mean differences in microconstituents after aging which may influence 

fracture toughness such as to account for the findings of Greenfield and Margolin as 

ppposed to the findings of the current investigation. 

Considering the Widmanstätten structures of Conditions 7,8, and 9 shown in Figs. 

15, 16, and 17, respectively, the microstructures of the three conditions are essen- 

tially the same.   This similarity is reflected in the fact that there is no significant 

difference in fracture toughness and yield strength for the three conditions.   Average 
1/2 values for the three conditions are:   K« = 84 ksi-in        and   F,    = 125 ksi. 

Q ty 

Considering the STA Widmanstätten microstructures of Conditions 10, 11, and 12, 
(7) 

Eq.  2 (from the work of Greenfield and Margolin    ) would lead one to expect Condi- 

tions 11 and 12 to exhibit higher fracture toughness than Condition 10.   The basis of 

this expectation is that the grain boundary  a   of Condition 10 (which is 3 to 4 ßm in 

transverse dimension) is tiner than that of Conditions 11 and 12.   However, this is not 

the case; the  K.    value for Condition 10 is about 14 pet higher than those for Condi- 

tions 11 and 12. 

Condition 13 of the 1-in. plate differs from Condition 8 only in that it was air-cooled 

from 1875 F to form the Widmanstätten structure compared to 1850°F for Condition 8. 

There is no apparent difference in their microstructures as shown in Figs. 16 and 21-, 

however, Condition 13 had a larger ß  grain size as expected.   No significant differ- 

ences in fracture toughness and yield strength of the two conditions were observed. 

Tensile reduction of area of Condition 13 was 11 pet compared to 15 pet for Condition 8, 

perhaps reflecting the larger  (j3)   grain size of the former. 

Comparing STA conditions of Widmanstätten structures formed by cooling from 18750F 

Condition 14, and 18500F, Condition 11, shows the former to have a 22 pet higher  Kjc 
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value, but less than 3 pet lower yield strength.   The fact that the reduction of area was 

only 5 pet for Condition 14 compared to 18 pet for Condition 11 indicates that for rela- 

tively coarse, two-phase, lamellar micrestructures, the plastic zone size is not con- 

trolling in fracture toughness as predicted by Eq.  3 (from the work of Hahn and Rosen- 

field^ ').   It would appear that for these microstructures the constraints placed upon 

the fracture path by the lamellar spacing and orientation may be the controlling factors. 

Martensitic structures produced in the 1-in. plate are shown in Figs. 23 through 26, 
1/2 

Stress relief annealing 1450t>F-l h-AC lowered the fracture toughness about 15 ksi-in 

compared to IBQ  values.   Values of FL    in both the as-quenched state and the an- 

nealed state were slightly higher for material quenched from 18750F compared to 

material quenched from 1850°F.   Small  a  particles 5 to 7 um in diameter may be 

noted in Figs. 23 and 24 representing material quenched from 1850oF indicating that 

the ß  transus of this heat was about 1850oF.   (The ß   transus of standard grade 

Ti-6A1-4V is 1820°F ± 250F.)   The presence of these small  a   particles may be the 

reason for the slightly lower fracture toughness of material quenched from 1850°F 

compared to material quenched from 18750F.   Inspection of the fracture surfaces of 

the compact tension specimens showed that the center one-third of the plate was sig- 

nificantly coarser grained than the rest of the plate after the 1850°F anneal.   Grain 

size appeared to be uniform following the 18750F anneal.   Thus, it appears that a slight 

degree of alloy segregration existed in this plate causing the central region to have a 

somewhat lower /i-transus temperature than the rest of the plate. 

Microstructures of the 2.4-in. plate are shown in Figs. 27 and 28.   This material was 

produced to specification for the B-l program and is ELI grade with 0.13 wt pet oxygen 

maximjm.   Therefore, it may be expected to have a somewhat lower ß-transus tem- 

perature than either the (standard grade) 1-in. plate or the 4 * 4-in. forged billets 

which were reported by tne producer to contain 0.15 wt pet oxygen— assuming all other 

things being equal.   The as-received 2.4-in. plate had two things in common with the 

as-received 1-in. plate; (1) the lowest fracture toughness values measured in this in- 
1/2 vestigation at about 47 ksi^in      ; and (2) complete absence of lamellar a   (as the 

result of nucleation and growth transformation of ß) such as that appearing in Figs. 10, 
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11, and 15, representing Conditions 2, 3, and 7, for examples. As in the case of Con- 

dition 1, the as-received 2.4-in. plate. Condition 15, appears to have cooled so slowly 

from high in the a-ß field that the primary a simply grew at the expense of residual 

oi  to adjust to the  a/ß   ratios characteristic of lower temperatures. 

Condition 16 represents the 2.4-in. plate given the heat treatment:   1750oF-l/2 h-WQ, 

1000oF-2 h-AC.   Two facts are worthy of note:   (1) fracture toughness is at the highest 
1 /2 level observed for material given an STA heat treatment, thr\t is,   K.    = 80 ksi-in      ; 

and (2) the ß  transformed by nucleation and growth (in contrast to martensitically) to 

produce a lamellar product characterized by having substantial areas in which the  a 

platelet thickness appears to be larger than 1 /um.   It is interesting to note that Condi- 

tions 4 and 10 have the same STA heat treatment, but have substantially lower fracture 
1/2 toughness, the values being 48 and 67 ksi-in      , respectively.   Note in Figs. 12 and 18 

representing Conditions 4 and 10, respectively, that the ß  appears to have trans- 

formed martensitically in both cases; therefore, the former ß   areas are now tempered 

martensite, and the  a'  needles are less than 1 ^m in thickness.   In view of these con- 

jectures associating low fracture toughness with the absence of transformsd ß  to pro- 

duce a lamellar product an   a  platelet size of at least 1 ^m in transverse dimension, 

one is tempted to attribute the substantially higher fracture toughness of Condition 10 

over that of Condition 4 to the presence of acicular (but very coarse) primary a  in 

the former, compare Figs. 12 and 18. 

Ti-6A1-4V plate for the B-l program has a fracture toughness acceptance criterion of 
1/2 K,    = 70 ksi-in        or more.   How then can the fracture toughness which we measured 

for the 2.4-in. plate (which was cut from plate delivered for the B-l program) of 
1/2 K,    = 48 ksj -in        be squared with the acceptance criterion?   We were advised that 

test blanks were cut by Timet from end trimmings from the mill stock and heat- 

treated as such.   Therefore, there was a mass difference between the test specimen 

blank and the plate for delivery of about two orders of magnitude.   While air cooling 

from solution heat treatment high in the  a-ß  field produces lamellar structure in 

dimensions sufficient to satisfy the needs for test specimens, in the light of the micro- 

structures of the as-received 1-in. and 2.4-in. plates (see Figs. 9 and 27), the 
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conclusion is inescapuble that air cooling of the large masses represented by a com- 

mercial plate of 1 in. or more in thickness does not result in such lamellar structures. 

Such a conclusion, if verified, would have grave consequences for current plans for 

designing and building fail-safe wingbox structures, such as that for the B-l.   It is 

planned to produce the wingbox structures for the B-1 by diffusion bonding in a retort 

to prevent oxidation and contamination of the work space.   It is difficult to imagine how 

one could obtain a cooling rate rapid enough under such conditions to produce lamellar 

«  if the maximum temperature in the bonding process is below the ß  transus temper- 

ature.   In order to have the high fracture toughness values desired, it may be neces- 

sary to have a temperature excursion above the ß  transus after bonding in order to 

ensure a lamellar microstructure.   Coarse Widmanstätten structure resulting from 

relatively slow cooling from above the ß   transus produces high fracture toughness as 

has been confirmed in the current investigation- see data for Conditions 7, 8, 9, and 

13.   However, a word of caution appears to be in order.   There is some question 

whether such large grained materials will perform as well under fatigue loading with 

dwell time at maximum stress to simulate take-off and climb to altitude.   A further 

condition of such evaluation for heavy sections is that the fatigue specimen be of suf- 

ficient thickness to give plane-strain loading conditions. 

Microstructures of annealed Conditions 17, 18, and 19 representing 4 x 4-in. forged 

billet solution treated for various times at 1750oF are shown in Figs. 29 through 31. 

There are no significant differences either in microstructures, fracture toughness, or 

yield strength.  Average values of fracture toughness and yield strength for the three 
1/2 conditions are 67 ksi-in       and 125 ksi, respectively.   Solution heat-treated and aged 

conditions of the 1 x 4-in. forged billet, Conditions 20, 21, and 22, show little varia- 

tion in microstructure, fracture toughness, or yield strength.   Average values of 
1/2 fracture toughness and yield strength for these conditions are 53,5 ksi-in      and 145 ksi, 

respectively. 

Microstructures of Conditions 27 and 28 representing annealed and STA heat treat- 

ments of 4 x 4-in. billet forged to develop alpha segregation or "stringy alpha" are 

shown in Figs. 35 and 36.   At high magnification the difference between the a-segre- 

gated billet and the normal equiaxed billet (Figs. 29 through 34) is not readily apparent. 
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However, the difference is obvious at lower magnification as shown by Fig. 37.   Com- 

parison of fracture toughness of the  a-segregated billet with that of the normal billet 

having the same heat treatment (that is, compare Conditions 17 and 27 for the annealed 

state, and Conditions 20 and 28 for the STA state) shows superior values associated 

with the  «-segregated material.   The discussion given above relating high fracture 

toughness to the presence of lainell?r or acicular  a   suggests that perhaps the stringy 

primary  a is responsible for the superiority of the  o;-segregated billet.   It appears 

that alpha segregation is one inherent defect that need not be a cause for concern. 

It is instructive to compare microstructures with fracture toughness for Conditions 4 

(1-in. plate), 16 (2.4-in. plate), 20 (forged billet), and 28 (a-segregated forged billet)- 

see Figs. 12, 28, 32, and 36.   All are basically equiaxed structures to which the 

1750oF-l/2h-WQ, 1000oF-2 h-ACheat treatment was applied.   The ß   phase of Con- 

ditions 4 and 20 appears to have transformed martensitically and to have a lamellae 

thickness of less than 1 /xm.   Fracture toughness  KT    values determined for these 
1/2 conditions were 48 and 56 ksi-in      , respectively.   On the other hand, the ß  phase 

of Conditions 16 and 28 appears to have transformed by nucleation and growth to pro- 

duce lamellae in significant amounts that are 1 /xm or larger in transverse dimension. 
1/2 Fracture toughness values determined for these conditions are 80 and 67 ksi-in 

respectively.   The higher fracture toughness of the 2.4-in. plate Condition 16 compared 

to the  «-segregated forged billet Condition 28 is at least partly due to the fact that it 

is ELI grade; and, of course, the difference may be partly due to subtle differences in 

microstructure.   Thus, there is further evidence that lamellar  a  of at least 1 /xm 

thickness is necessary for high fracture toughness.  In this regard it is of interest to 

note that according to Eq.  2 no benefit to fracture toughness derives from gain boundary 

a  in Widmanstätten structures until its thickness exceeds 2.6 /xm.   Greenfield and 

Margolin observed that the fracture path in age hardened Widmanstätten structures was 

along  a/ß  interfaces at the grain boundaries^ '.   These authors proposed that in- 

creasing thickness of grain boundary a  beyond 2.6 /xm thickness makes an increasing 

contribution to fracture toughness through increasing the volume of material that is 

plastically deformed in advance of the crack tip.   However, their paper offers no 

explanation for the necessity of the grain boundary  a  to exceed 2.6 /im. 
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3.4   COMMENTS ON STRUCTURAL DETAILS OBSERVED BY TRANSMISSION 
ELECTRON MICROSCOPY 

Thin foils of Conditions 1, 4, 17, and 20 were studied by transmission electron micro- 

scopy.   Conditions 1 and 4 represent 1-in, plate and 17 and 20 represent 4 x 4-in. 

billet, respectively.   Conditions 1 and 17 represent annealed conditions; and had a 

microstructural characteristic in common:   a transition structure of very fine  a 

particles between the ß  and  a  phase regions.   This structure is shown in Fig. 38. 

Since material having only an anneal high in the  a-ß   field followed by air cooling 

(without a subsequent stress relief anneal at 1450°F) was not included in this study, 

the origin of this structure is not clear.   However, since no indication of this transi- 

tion structure was observed in samples of Conditions 4 and 20, which were water- 

quenched from solution treatment, it is hypothesized that this structure results from 

the nucleation and growth transformation of ß  to form the lamellar product starting 

from a solution treatment temperature below the ß  transus.   It remains to be seen 

whether this structure forms upon cooling from above the ß  transus. 

As a consequence of the inability of alloy partitioning (through diffusion) to keep up 

with the decreasing ratio of 0   to  a  as temperature is lowered, the outer region of 

the /3-phase particles are richer in aluminum and poorer in vanadium than the core. 

(Note that the diffusion of aluminum in titanium alloys is particularly sluggish. 

Crossley demonstrated that once segregation has occurred in Ti-Al binary alloys, it 

is virtually impossible to achieve homogenization in practical times of annealing at 

temperatures below about 18000F.^10'))   It follows that the ß  at the  a-ß  inter- 

face would be less stable than the core ß ,  and that separation of  a  from it, either 

by martensitic transformation or precipitation, would occur under conditions that 

would not produce a similar reaction in the core ß ,  or would produce it to a lesser 

degree.   During cooling this less stable ß transforms.   The question arises, "Why 

are there two variants of a ,  one apparently starting at a well-defined interface, and 

the other starting about 600 A from this interface?" It is suggested that two marten- 

sitic products are involved:  (1) the cubic (probably fee) martensitic initially reported 

by Williams and Blackburn/    ' and substantiated by Modin and Modin/    ' which is 
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associated with ß  enriched by relatively low temperature solution treatment; and (2) 

hep martensite which forms from relatively lean ß .   The subsequent stress relief 

anneal at 1450oF would temper both products: the hep martensite becoming stabilized 
(24) by diffusion across its boundaries, and the cubic martensite by precipitating a .     ' 

Our present state of knowledge of this transition structure gives no reason to suppose 

that it is detrimental to fracture toughness. 

Conditions 4 and 20, 1-in. plate and 4 x 4-in. billet, respectively, given the heat 

treatment 1750oF-l/2-h-WQ, 1000°F-2 h-AC, were also revealed by transmission 

electron microscopy to have a characteristic in common.   A selected area diffraction 

pattern of Condition 4 showed prominent (0001) reflections, while one of Condition 20 

showed weak (0001) reflections.   The (0001 reflections may be due to the presence of 

ordering, or Ti„Al precipitation; or they may be the result of double diffraction.    The 

transmission work was not intensive enough to provide for a resolution between these 

alternative interpretations.   The areas involved in both cases were martensitically 

transformed.   Considering the effect of dissolved vanadium on reducing the solubility 

of aluminum in titanium (discussed above), one would expect hep martensite to preci- 

tate Ti„Al more readily than  a  formed by nucleation and growth.   Martensitically 

formed  a   contains the alloy content of the parent ß.   Therefore, it would be super- 

saturated with respect to vanadium and have reduced solubility for aluminum as a 

consequence. 

It was suggested above that Conditions 16 and 28 had significantly higher fracture tough- 

ness than Conditions 4 and 20 (although all had the same STA heat treatment) because 

the  ß  phase of the former conditions transformed martensitically.   It was suggested 

that transverse thickness of the  a needles was the controlling factor in the higher 

toughness — the nucleation and growth  a  being thicker.   A presumption of ordered  a , 

or Ti^Al, in the microstructures of Conditions 4 and 20 challenges this suggestion. 

Ordering or Ti„Al precipitation may possibly be the controlling factor in their lower 

fracture toughness.   In this case martensitic transformation is at fault, but not because 

it results in a needles that are l/^m or less in transverse dimension, but because it 
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produces  a   of greater super saturation which aging at 1000 0F readily initi- 

ates precipitation of TigAl.   This suspicion of TiJU as the culprit in degrading 

fracture toughness and not martensitic transformation, per se, is consistent with 

our finding that ß-IBQ  structures, both the as-quenched and the stress-relief 

annealed martensitic Conditions 23 through 26, exhibited relatively high fracture 

toughness.   The stress-relief anneal of 14500F-1 h-AC degraded fracture toughness 

compared to the as-quenched conditions; and this temperature is just below the 

a + ß/a + ß + Ti Al transus of the Ti-6A1-4V composition/    '  Maximum em- 

brittlement due to formation of Ti„Al is associated with an aging temperature of 
(11) 1000oF/    '   However, aging time as well as temperature is a significant factor in 

the embrittlement phenomenon. ^    ' 

This discussion of the relationship between fracture toughness, yield strength and 

microstructure is summarized graphically in Fig. 8.   All data points having 
1/2 K,    :£ 56 ksi-in        represent material conditions which contained no nonmarten- 

sitic, acicular  a.   They include the 1-in. and 2.4-in. plates in their as-received 

conditions, and certain of the STA Conditions of equiaxed materials.   These latter 

conditions contained martensitically formed acicular  a   rather than nucleation 

and diffusion-controlled growth acicular  a .    Tvu lactors are suspect in the lower 

fracture toughness of martensitically formed structures:  (1) the fineness of the 

a  needles, and (2) their greater propensity to form Ti„Al upon age hardening due 

to their greater supersaturation with respect to the alloying additions aluminum 

and vanadium. 

3.5   FATIGUE CRACK GROWTH 

The characteristic fatigue crack resistance of each of the twenty-eight conditions 

is plotted in Figs. 39 through 66.   These figures of crack growth rate (da/dN) 

versus stress intensity range (AK) also include the upper bound asymptote for 

AK at a crack growth rate approaching elasticially unstable fracture.   This upper 

bound for  AK  is 0.9 K.  .   For Conditions 2, 7, 8, and 13, 0.9 KQ  is plotted. 
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Because the ratio of minimum load to maximum load,   R ,  is 0.1 for these tests, 

AK  corresponding to the highest fatigue crack growth rate is  K.   (1-R)   or  0.9K, 

Equation fitting to da/dN data is a currently popular topic.   It is appropriate to 

indicate that no simple form equation fits all data of this type.   The equation 

BH - C^" (8) 

developed by Paris, ct al.      '    ' fits such data over small or moderate ranges of 

AK .   Forman et al/    ' modified this equation to account for the upper asymptote 
da of AK  tending to elastically unstable fracture.   When the range for -rrz  is at least 

three orders of magnitude, one usually observes a sigmoidal (s-shaped) curve 

between the upper asymptote of AK = K,  (1-R)  and the lower asumptote of the 

fatigue crack growth threshold.   This threshold is the AK value for crack growth 
-7 -9 

rates less than 10     to 10     in. per cycle.   Collipriest has proposed a form of such 

an equation as follows^   ': 

da/dN  =   C1 + C2 TANK -1 
*(Keff) (9) 

where: 

Cj and C2   =     scaling factors for data fit 

log(K   K /K2   ) ^ v   c   o    eff' 

o K c 
K c 
K eff 
R 

m 

K max 

log(K /K  ) "^   o    c' 
fatigue threshold value of intensity 

critical value of stress intensity 

(1-R)m K v      '        max 
minimum stress/maximum stress in fatigue 

a material parameter, from unflawed specimen fatigue life test 

maximum stress intensity in fatigue 
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The derivation of an equation that fully describes the da/dN vs.  AK  relation for a 

material will be of value to designers and materials specialists in more accurately 

predicting fatigue life of aerospace structures.   Materials test data over a small 

range of crack growth rate, along with fracture toughness,   IC   ,  would then be suf- 

ficient to preview the full range of crack growth rate.   This would save a lot of time 
-7 -3 and money over obtaining test data from below 10     to above 10     in. per cycle. 

In the present study, data for some of the material conditions follows a sigmoidal 

form.    These are Condition 2 (Fig. 40), Condition 6 (Fig. 44), Condition 7 (Fig. 45), 

Condition 9 (Fig. 47), Condition 24 (Fig. 54), Condition 16 (Fig. 58), and Condition 18 
-7 -8 

(Fig. 60).   Extrapolation of these data to 10     or 10     in. per cycle indicates the 
1/2 AK threshold for fatigue crack growth is between 10 and 15 ksi-in      .   This apparent 

1 /o -8 
threshold is higher than the 6 to 8 ksi-in       at a crack growth rate of about 10     in. 

per cycle observed by Bucci for Ti-6A1-4V) l/8-in. sheet, solution treated and aged 

(STA), or STA plus 1300oF-2 h-AC.(30)   This difference in threshold  AK  may be due 

to differences in microstructure or crystallography texture, or both of these things. 

No other published data for Ti-OAl^v' threshold determination are known to the 

authors. 

The combined crack growth data obtained in the present study is summarized in Fig. 67. 

The data are separated in major categories of microstructure- fine equiaxed, worked 

Widmanstätten, coarse equiaxed, Widmanstätten, and martensitic- as described in 

Table 11.   This figure was developed by constructing a set of "best fit" straight line 

segments through each individual set of data (Figs. 39 through 66), then combining 

these segments.   All of the microstructure types exhibit overlapping crack growth 

rate behavior.   Of particular interest is the crack growth resistance exhibited by the 

1-in. plate, martensitic structure.   Conditions 23 and 25, both martensitic, as 
—fi 

quenched from ß ,   give the lowest crack growth rate (about 3 x 10     in. per cycle) 
1/2 at   AK = 30 ksi-in      .   Condition 25 has the lowest crack growth rate at all higher 

values of AK.   The poorest resistance to fatigue crack growth is exhibited by Condi- 
_ -5 

tion 12, 1-in. plate STA Widmanstätten structure, at rates above 7 x io     in. per 

cycle, and Conditions 4 and 5, 1-in. plate STA fine equiaxed structures at lower rates. 
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Of particular interest is the fact that Condition 2 which had the highest fracture tough- 
1/2 ness value of 111 ksi-in      exhibited the highest crack growth rates in the  AK   range 

of 15 to 20 ksi.   This fact suggests that the microstructural condition which produced 

this exceptionally high fracture toughness must be taken with some reservations.   The 

concern should be directed to those submicroscopic features that would only be revealed 

by transmission electron microscopy. 

The possible import of this range in fatigue crack growth resistance for the different 

microstructures can be assessed in the following way.   By assuming some initial flaw 

size, one may compare the cycles to failure between the least and most resistant 

microstructures.   To perform this crack growth computation, one must also assume 

an initial shape- of the incipient flaw, the stress-time relation, and peak stress.   The 

crack growth equation proposed by Paris, Eq.   8 above, can be applied to each set of 

data describable by a straight line or a series of straight lines on the log da/dN  versus 

AK  plot.   The integral of this equation permits "growing" an assumed initial flaw to 

the critical value, when  K approaches  K,    for the assumed material. 
TTIclX 1C 

This comparison of simulated service life in fatigue is presented in Fig. 68, for the 

least and most fatigue crack growth resistant conditions.   The terminal (largest) 

crack size plotted for each condition is the critical crack size for the assumed values 

of peak stress.   Computations for this figure are based on a sinusoidal stress with a 

peak stress of 80 ksi and stress ratio,   R , of +0.1.   The initial (incipient) flaw shape 

was assumed to be a semi-circular surface flaw oriented in a plane normal to the peak 

tensile stress and having a depth of 0.040 in.   This flaw size and shape are a reason- 

able estimate of the largest flaw that would probably escape detection in an important 

aerospace structure, vigorously inspected by a variety of high-quality NDT techniques. 

The calculated service life for all the other twenty-six microstructural conditions is 

probably bracketed by Conditions 12 and 13 for these assumed conditions of stress, 

flaw size, etc.     Thus, all twenty-eight conditions would fall within a fatigue life 

between 1500 and 70, 000 cycles to failure.   For a larger size initial flaw or higher 

peak stress, the fatigue life would be shorter, and vice versa. 
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The crack growth curves in Fig   68 show that a major portion of the cyclic life is 

spent at the low crack growth rates.   Thus, a major influence on fatigue life of a 

structure containing an incipient crack is the material's resistance to fatigue crack 
-5 growth at rates below 10     in. per cycle.   Rates higher than this pertain to only a 

small fraction (less than 20 percent) of the total fatigue life of the growing crack. 

Martensitic structures such as represented by Conditions 23 and 25 do not commonly 

occur in Ti-6A1-4V aerospace structures.   Such a structure would result from a 

low energy input, high melting efficiency welding process such as electron beam 

welding.   Stress-relief annealing of such a welded structure would have the effect of 

degrading fatigue crack growth resistance of the as-welded martensitic structure. 

For example, stress relief annealed martensites, Conditions 24 and 26 (Figs. 54 

and 56), exhibit 10 to 50 times higher crack growth rates at the same  AK values as 

as-quenched martensite. Conditions 23 and 25 (Figs. 53 and 55).   If stress-relief 

annealing an electron beam welded Ti-6A1-4V aerospace structure detracts from the 

fatigue life of the weldment (assuming incipient flaws may be present), then some 

other benefit should be demonstrated.   It is not obvious that a valid reason for stress- 

relief annealing is always determined, but is assumed to be beneficial to reduce 

residual stresses in the weldment.   If these residual stresses are compressive in the 

vicinity of an incipient flaw, then stress-relief annealing increases the stress in- 

tensity at such a flaw.   Thus, one should also know the residual stress pattern in 

electron-beam welrtd titanium alloy plates before assuming stress-relief annealing 

will be beneficial. 

3.6  MACROSCOPIC AND MICROSCOPIC FRACTURE APPEARANCE 

Macroscopic fracture appearance of the twenty-eight conditions is reported in Table V. 

All of the conditions heat treated below the ß  transus have a "silky" fracture surface 

appearance at low magnifications (1 to 15X).   Those specimens heat treated at 1850oF 

(Conditions 7 through 12, 23, and 24) have a crystalline (rough, faceted) appearance 

in the center third and silky in the outer thirds.   Those specimens heat treated at 

1875&F (Conditions 13, 14, 25, and 26) have a crystalline appearance over the entire 
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surface.   This difference in macroscopic appearance is related to the ß  grain size, 

which grew rapidly above the ß transus during solution treatment.   The ß  transus is 

below 18750F for both the 1-in. plate and the 4 x 4-in. forged billet.   However, alloy 

segregation apparently exists in both of these mill products, causing the outer layers 

of the plate and billet to have a ß  transus above 1850°F and the core to have a ß 

transus below 18500F.   Fracture toughness of the specimens experiencing ß  or  oi-ß 

solution treatment in the same piece because of macroscopic segregation would tend to 

be governed by the core toughness rather than toughness of microstructure at and near 

the edge.   This is because the highest degree of plane strain constraint is experienced 

at the core (mid-thickness) rather than the surface, where plane stress conditions 

prevail. 

In summary, the macroscopic fracture appearance does not give any clue to specific 

fracture toughness of the structure, but only prior  ß   grain size.   A wide range of 

toughness is exhibited within both "silky" and "crystalline" macroscopic fracture ap- 

pearance types. 

Typical microscopic fracture appearance for the twenty-eight conditions is shown in 

Figs. 69 through 96.   Crack propagation direction is toward 12 o'clock in all these 

figures.   A rough, qualitative estimate of the area fraction of the different principal 

microscopic fracture features is included in Table V.   These features pertain to the 

fast fracture surface only. 

Quasi-cleavage is a fractographi~ mode occurring in low fracture tough microstruc- 

tures.   Because very little volume plastic deformation is incurred during formation 

of a quasi-cleavage crack, its relatively flat (two-dimensional) appearance facilitates 

identification of the constituent which contributes to low fracture toughness.   As indi- 

cated in Table V, all of those conditions exhibiting a significant  (> 5 pet) amount of 

quasi-cleavage are low in fracture toughness, regardless of product or microstructure 

type.   The shape of these quasi-cleavage regions appears to correlate best with the 

morphology of primary   a ,   For example, compare Fig. 74b and 14 for Condition 6 
1/2 

which has a  K.    of 49 ksi-in     .   Similarly, compare Figs. 93b and 33 for Condition 21 
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which has a  IC    of 51 ksi-in      .   The microfactographic feature best correlating with 

high fracture toughness is a large  ( > 20 /xm diameter or width)  void cavity.   This is 
1/2 illustrated by Fig. 76b for Condition 8, which has a  K~  of 86 ksi-in      , and by 

5i-inl/ Fig. 77b for Condition 9, which has a K.    of 82 ksi-ini/2.  The presence of relatively 

coarse  (> 3 ^m thickness)  platelets of a  apears to promote growth of large void 

cavities rather than nucleation and growth of many small (1 to 5 ^im diameter or width) 

voids of quasi-cleavage cracks.   These observations are consistent with the previously 

discussed comments associating low toughness with equiaxed  a  and high toughness 

with coarse acicular structures.   The microfractographic fatigue features are presented 

in Fig. 69a through 96a.   The heterogeneous microscopic fatigue crack growth direction 

is readily apparent in the photo micrographs.   The relation between fatigue microfracto- 

graphic appearance and microstructural features is not obvious and correlating the two 

would take an effort beyond the intentions of this study. 
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4. 0   SUMMARY AND CONCLUSIONS 

Ti-6A1-4V alloy was studied in three mill product forms for the purpose of establishing 

a correlation between microstructure and fracture toughness.   The mill products were: 

1-in. plate characteristic of material being supplied for the F-14 and F-15 fighter pro- 

grams, 2.4-in. plate characteristic of material being supplied for the B-l bomber 

program and 4 x 4-in. forged billets.   Mill product, processing, and heat treatment 

variables produced 28 microstructural conditions.   Mechanical properties determined 

were:  tension test, plane strain fracture toughness and crack growth rate.   Metallo- 

graphie means employed were:  light microscopy, scanning electron microfractography, 

and a limited amount of transmission of electron microscopy. 

1/2 
Observed fra^ure toughness values varied from 47 to 111 ksi-in      .   Conditions having 

1/2 
K,    values lest than 60 ksi-in       were characterized by an absence of acicular  O'   re- 

sulting from t'.i'j nucleation and (diffusion dependent) growth transformation of ß .   The 

most significant finding was that commercial-size plates of 1-in. or more thickness air 

cooled from high in the   a-ß   phase field do not have the same microstructures as simi- 

larly heat treated smaller volumes that are commensurate with test specimen blanks. 

The as-received 1-in. and 2.4-in. plates of Ti-6A1-4V were found to have an equiaxed, 

predominantly  a  structure having the lowest fracture toughness values measured in 
1/2 

this study; i.e., about 48 ksi-in      .   Heat treatments similar to those reported for the 

as-received conditions of the plates were applied to test specimen blanks.   These 

treatments produced microstructures consisting of equiaxed primary a plus acicular 

a   resulting from nucleation and growth transformation of the ß   phase that existed at 

the solution treatment temperature.   These conditions had fracture toughness values 

ranging frc 

conditions. 

1/2 1/2 
ranging from 62 to 111 ksi-in       in contrast to the 48 ksi-in       for the as-received 

It appears that commercial size heavy plates cool so slowly, because of their mass, 

that the ß   phase is consumed by the primary  a  growing into it, rather than by its 
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nucleation and growth transformation.   The former preserves the equiaxed condition 

existing at the solution treatment temperature, while the latter produces the familiar 

acicular product.   This finding suggests a word of caution concerning structures re- 

sulting from working and solution heat treating in the  a-ß   phase field:  large struc- 

tures of Ti-6A1-4V cannot be expected to have either the microstructure or the frac- 

ture toughness associated with test specimens unless cooling rate from solution treat- 

ment is approximately the same. 

A correlation was found between microstructures and microfractographic features. 

Primary a  was associated with quasi-cleavage (and lower fracture toughness). 

Wholly, or nearly so, acicular structures having platelets greater than 1 urn in thick- 

ness, and fully martensitic (unannealed) structures were associated with the higher 

fracture toughness values.  Their fracture surfaces were characterized by the presence 

of large  (> 20 /um) voids. 

The major conclusion of this study is that for solution treatment below the ß   transus 

unless the microstructure contains a significant amount of acicular  a  formed by 

nucleation and growth transformation of a  (rather than martensitically), plane strain 
1/2 fracture toughness will be less than 60 ksi-in      .   It would appear that microstructur- 

ally equiaxed heavy plates currently produced by the mills are not cooled rapidly 

enough from solution treatment to produce the type of microstructure associated with 
1/2 fracture toughness of more than 50 ksi-in 
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TABLE II 

Summary of Ti-6A1-4.V Mlcrostructural Conditions Studies 

Conrtlt1nn fl-Snlutlon a-^ -SoiutiMn Agp or St.r^BB 
Nunbe r          Produkt Mlcroetru^tural Typp Treatment Trpitmpnt. Rpllpf Trr-ntrapnt. 

1 RMI 1-ln. Plntf Flnp Equlaxed  (Stdndnrd) (Aß Rpfelvefl) 17?5nF-l  h-AC mo0F-l   h-AC 
? 1775r>-J h-AC Ht50OF-J   h-AC 

1 mo0?-,1 h-AC UyiVl  h-AC 

I. n^O0?-'  h-WQ irX)0oF-? h-AC 

5 1750°F-,1 h-WQ ICOOV?  h-AC 

f) moV'. h-WQ 1000nF-?  h-AC 

7 RHI  1-ln.  Pint.- WliimnnBtättcn iBwV, h-AC l775nF-J h-AC Ur/I0F-1   h-AC 

6 mo'V-."1 h-AC USoVl   h-AC 

9 1750'V-ii h-AC llj5f*"F--J h-AC 

10 1750DF-J h-WQ lOOOT-P  h-AC 

11 1750nF-? h-WQ lOOoV? h-AC 

ir 1750oF-l4 h-WQ n00OF-?  h-AC 

13 187';VJ h-AC 17500F-P h-AC U50aF-l   h-AC 

1!. 1750°?-? h-WQ 1000OF-?  h-AC 

IS Tlmit ?.i-jB, PI«»" Worked WldraanstSttpn (Ar, Rpt-plvpl) 177^CK-1 h-AC n50nF-l4 cr 8 h-AC» 

16 17750F-i h-AC ll^tfT-l  h-AC 

17 Tlmot   N-   x -'.-In, 
Bill "t. 

r.onr-ar- Equloxprl   (stanrlnrd) (As FnraH) 177r.0F-J h-AC UW^F-l  h-AC 

18 1750nF-? h-AC l'iTO0F-l  h-AC 

1') 1750nF-l> h-AC U500F-1  h-AC 

?0 H50OF-J h-WQ 10000F-?  h-AC 

;•! i750oF-? h-WQ 1000°?-?  h-AC 

?z ■.t5(f r-'' h-WQ 1000V?  h-AC 

?3 RMI 1-ln. PUtf Mnrtensltlc l6wrF-* h-IBS -- -- 
?h -- l!»50nF.i  h-AC 

■ •■'-> 
Ifly^.l h.rK! - -- 

rfi -- lu^F-l   h-AC 

r7 Tlm^t  ■.- x '.-In. 
Bill ft. 

rt-n^RTPRato^,   FqulsxPd {A- F-ru-'l) 177SriF-A h-AC Hso'V.l   h.AC 

rB 17r.0oF4 h-WQ     1000nF-2 h-AC 

•Thf1 un^^rtnlntv «h^ut  t ho Rrn'^illrv  ♦ r^tm'nt.   IR  i'lf tn t.hf*  firt thRt pl«*p  romn^nt WRB B^h^iul ^il 
t" \-- wtf   i <-  ♦ v,«! PIPU   ph"f RO'I   Itr  h-nt  numbT   ÜTit 1 f i''nt.l on wns n^*  nuilnMlnM. 
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TABLE III 

Summary of Mechanical Properties^    Grouped by 
Structure Type & Ranked by Fracture Toughness 

frodurt 
Condition No. 

Structure vv 
ksl-ln* «j  In. rrtn. 

E399 SJMC. 

Vlolntlonri 
M«Jor    Minor Fty k.l P.    ksl 

tu 

Elan«. 
(«) 

RA 
(«) lO6 psl R    No. 

ANNEALED 

Uin.  Plat« 2 
3 
1 

E (110.9) 

46.') 

.«4 

. 106 

.094 

0.0?29 
0.0104 
C.00567 

A U0.7 
140.7 
U1.5 

14«.1 
14«.8 
150.6 

15 
17 
18 

37 
24 
27 

17.6 
18.8 
19.1 

35.6 
35.4 
36.1 

SOUTION nmrm AND AOED 

5 50.7 .111 
. 1(1.' 
.099 

0.«!511 
O.0Ü4U 
0.0045 

.1,1 
1 
1 

ANNEALED 

159.9 
164.3 
16/.. 5 

171.6 

174.4 
172.6 

12 
1? 
15 

28 
26 
32 

18 
17.4 
17.8 

43 
42.2 
«2.6 

1 1 Uli). 

(HI.4) 

.11« 

. n; 

.105 

.;RI 

0.0257 

0.0244 
0.   25 
0. o.-.-l 

A             n 

A             J 
A 

n 

125.2 
127.1 
12/.. 5 
126.R 

136.4 
141.9 
141.4 
140.7 

10 
12 
11 
12 

11 
15 
11 
21 

16.', 
16.7 
18.') 
16.8 

35.3 
36 
35 
35 

SOLUTION NWT TRUTED ANH *r,Er 

u 
10 
i;> 
11 

71.n 
(it,.* 

.P17 

.191 

.150 

.145 

0.011 
0.0096 
0.0f'717 
0.0O7O2 

J,™ 
n 

,1.1 
n 

155.6 
157.0 
160.2 
159.4 

16«.2 
172.2 
174.0 
172.1 

roo 
10 

7 
8 

5 
11 
11 
1« 

18.3 
18.2 
17.1 
i8.3 

43 
42.7 
42.8 
42.9 

AS ICE  BRINE aJFUCHFI) FW« BETA 

a' fn.o .271 
.25« 

0.01R1 
0.0U6 

J,k,l,m 
k.l 

136.0 
148.0 

150.8 
168.9 

2'" 
lO"" 

10 
8 

17.9 

18.1 

39.9 

42.4 

3THE. S PEI-IFT ANNEALED 

(■6.1 .1« 
.1") 

0.010 J 
n 

152.6 
149.9 

160.7 
162.4 11 

10 17.4 
17.5 

39.4 
38.1 

SOLUTION HEAT TREATE!1 AND AGED 

2.4-ln. 
nut» 

114.4     1/.6.1 

4  x 4-ln. 
I'll let 

.005 

.219 

.192 

.189 

.1-9 

o.oo«rfl 

0.9156 
0.01=1 
0.0140 

120." 
130,1 

124.~ 
121.0 
127.1 

127.1 
140.0 

114.8 
134.7 
116.8 

17 
18 

17 

25 
41 

46 
•'     52 

18        4« 

17.1 
17.2 

17.6 
16.« 
16.8 

<0.9 
32.5 

4   X 4-In. 
Bill"! 

21 

''.4 
■•1.4 

.1 (5 

.122 

.110 

milTION HEAT TRRATFD AND AOED 

o.oj; . . ;i«,.- 

0.0081 
0.0071 
0.006,7 

,1 144 
J.n 141." 

147.2 

D»>3crlr tlrn or hpfHrri: 
K -     frflot.tjr"  t.ourhnonn   Intlpx,   where 

Ko 

.MKn/F,   )'   <  1.00  In. 

fr^ct'ire  t/'iiffinefln  Index,  where 2.MKQ/F.   )*■ >  1.00 In 

a,        -     ™lf')let.'-i  nvnxlniii.il depth  Renlol r-ular  ^ 
lurvlvo a  proof  .itr-'an of   120  kM 

r -    oBl-iilnted nlnne  strain  rritloal   rlantl 
r 

FIOI  Spec   Violation,-.  -   se» Tahle  IV 

ty 
raok  that wo>ild 

ty 
F. 

tu 
Plonr- 
RA 
E 
Ro      ■ 

0.2* offset   te.^lle  yield   strength 

ultimate   tennlle   «trenpth 

eloncatlon In  1   In^h 
reduction of area 
Modulus of elasticity In tension 
Rockuel1 

148,' 

157.1 
159.. 
151.8 

10 42 
12 36 
12 14 

16.2 
16.f, 
16.8 

14.8 

16.1 
36.6 
36.5 

ca)e hardnes,,  n'unber 

E - equlaxad; Wld - Uldiwnstatten;  W.WH - worked  Widmanstatten; and 
FOO - failed outside of care lenrth 
Failed at scribe mark deflnlnr gape  length 
o^pe marks ohapured hy deformation 

k6 

r 
mä^t^^Mamm ■MHiMHMMiMMM 
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TABLE IV 

Identification of ASTME399 Fracture Toughness Test Specification Violations 

Major violation 

A = R, ac, (W-ac), or H <. 2.5 (KQ/F^)2 

Minor Violations 

j --  jai - ai| , | ai - a.^   , jai _ ^ > o.05 aG 

k =   (aany -ao) < larger of 0.05  ar or 0.05  in. 

1,= a,or ar      0-9 aG 

m =    &> 10 degrees 

n =  30  tei-in.  1/min.     K     ^K/At    i^    150 lcsi-in  2/ mm, 

Reference 

7.1.1 

8.2.3 

8.2.3 

8.2.3 

8.2.U 

8.14 

Where, 
B = specimen thickness 
ac= critical crack length =  (aj.+ ai+ao/^) / 3 
W = specimen length from load line 
H = specimen height  from crack plane 
ai,  etc  = fatigue crack length from load line at ~,  etc.   thickness 
ao = specimen notched length before  fatigue precracking 
a-i r= fatigue crack length from load line on left or right  side of specimen 
ß =    angle between extension of fatigue precrack plane  and plane of initial 

fast crack growth 
AK/At = rate       of plane  strain  stress  intensity factor increase  in 

fracture   toughness  test 

ASTM E 399-72 Paragraph No. 

 ™ MMHMMMMMHHMHaaaHAMMHaMHHMaHHHaHMMHH^ 



TABLE V 

Macroscopic and Microscopic Fracture Appearance of 
the Twenty-Eight Ti-6Al-4v Microstructural Conditions 

Macroscopic Microscopic Appearance 
Con- 

Wi ty Oblique 
Appearance Ductile Rupture 

Quasi- 
Some Grain 

dition Very Boundary 
Uurnber ksi-ln2 ksi Fracture Silky Crystalline Fine Coarse ' Coarse Clvge. Separation 

fo /* i i % i i 
1 hi ihU 7 100 70 30 

2 (HI) Ihi 12 60 10 30 X 

5 62 Iki 13 70 10 20 X 

k U8 16U 2 50 20 30 

5 51 160 h 70 15 15 X 

6 U9 16U 3 100 ho 60 X 

7 (85) 12h lh 67 33 ho 60 

3 (86) 127 15 30 70 

9 82 127 lh 20 80 

10 67 157 2 70 30 

ii 58 159 2 60 20 20 

12 59 160 1 67 33 60 10 15 15 X 

13 ^37) 125 * 100 Uo 60 

14 71 156 * M 50 10 Uo 
15 U8 121 U3 100 20 50 20 10 

16 80 13^ 22 ho 6o X 

17 67 123 9 50 20 30- 

13 68 125 7 Uo 25 25 10 

19 65 127 8 6o Uo 
20 56 Ikk 3 UO 10 50 

21 51 Ihl 3 30 10 60 X 

22 53 lUU 5 30 20 50 

25 78 1U8 6 70 30 

2^ 61 150 6 50 10 30 10 

25 80 136 * 90 10 

26 66 153 1+ 90 10 

27 72 130 8 30 UO 30 X 

23 66 138 8 100 i+0 20 uo 

* Fracture surfaco too rough to measure shear lip width. 

US 
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> 1.2 

Ti-6A1-4V 
ANNEALEfl 

STEELS 

10 Ni-180 
18NI-180 
18Ni-200 
18Ni-250 
9Ni-4Co-0 2C 
9Ni-4Co-0 25C 
9Ni-4Co-0 45C 
DUAL STRENGTH STEEL 
4340 
300-M 
D-6AC 

TT ANIUM ALLOYS 

O BETA in 
D TRANSAGE 129 

Ti-6A1-4V STA 

0.6 0.7 0.8 0.9 1.0 
^6 . TENSILE YIELD STRENGTH-TODENSITY RATIO,   Ft /p (10   in.) 

Fig.  1   Effect of specific yield strength on plastic zone size parameters at 
onset of elastically unstable crack growth for selected high-strength 
alloys. 
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0.02 

0 
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TI-6A1-4V 
ANNEALED 

STEELS 
▼  10Ni-180 
4 18Ni-180 
•   9N1-4CO-0.2C 
■   DUAL STRENGTH STEEL 

TITANIUM ALLOYS 

O BETA HI 
O  TRANSAGE 129 

I 
0.6 0.7 Q.8 0.9 1.0 

.6 
1.1 

YIELD STRENGTH-TO-DENSTTY RATIO, F./p   (10° In.) 

Fig. 2    Effect of specific yield strength on plastic zone size parameter 
at threshold of stress corrosion crack growth in salt water for 
selected high-strength alloys. 
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250 LB 9 IN. SQ, 20 IN. L 

1750°F PRESS FORGE 

6 IN. SQ x 45 IN. L 

ABRASIVE CUT 

26 IN. 

17500F PRESS 
FORGE 

4 IN SQ x 58 IN. L 

134 LB 

STD EQU1AXED 

BALANCE 19 IN. 

2100oF (1 HR) FC 
250F/HR TO 
1750oF AC 

CUT 1/2 
6 IN. SQ x 9 IN. L 

CUT 1/2 
6 IN. SQ x 9 IN. L 

17500F PRESS 
FORGE 

4 IN. SQ x 31 IN. L 

82 LBS 

ALPHA SEGREGATED 
EQUIAXED 

1850^ PRESS 
FORGE 

5 IN. SQ x 13 IN. L 

4 IN. SQ x 35 IN. L 

86 LB 

ALPHA SEGREGATED 
WORKED WIDMANSTATTEN 

Fig. 3 Processing schedule for Ti-6A1-^V forged billets. 
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i 
1/2 MINIMUM 

c^ 

3 MINIMUM 

T 
^ 

S   8- 

I     o 
r—i 

i 

J 

\r 

1/2 MINIMUM 

 i  

3/8-2^ UNF,  CUSS 2 

BOTH ENDS 

^  32 

4- 3/8 MINIMUM R 

Fig. ^    Tensile specimen. 

0.250+.005 DIA. 

3/8 MINIMUM R 

NOTES; 

(1) ALL DIMENSIONS AND 
TOLERANCES IN INCHES. 

(2) GAGE LENGTH. 

(3) UNIFORM REDUCED SECTION. 
THIS SECTION MAY HAVE A 
GRADUAL TAPER FROM THE 
ENDS TOWARD THE CENTER, 
WITH THE ENDS NOT MORE 
THAN 0.0025 IN. LARGER 
IN DIAMETER THAN THE 
CENTER. 

U) LATHE CENTER O.K. 
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1.200+.020 

0.650+.010 

5/8 -18 UNF (CLASS 2) "0.5OO+.OO5 

NOTES; 

(1) ALL DIMENSIONS AND TOLERANCES IN INCHES. 

(2) "A" SURFACES SHALL BE PERPENDICULAR AND PARALLEL 
AS APPLICABLE TO WITHIN O.OOA IN.   TIR. 

(3) ROUGHNESS ON ALL SURFACES NOT TO EXCEED 64 RMS 
UNLESS OTHERWISE SPECIFIED. 

(4) HOLE TO BE FULL THREADED TO 1.00 IN.  MIN.   DEPTH 

Fig.   5    Compact tension cpecimen. 
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B 2853 

Figure 6    Ultrasonic track follower mounted on 
specimen during fatigue track rrowth rate test. 
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COW ACT TEWniOW K^. TEST RKCORD 

Fracturr fftmvltir J^ibomtory 
Dept.   52-31,  Bl-U?.  ?Olt 
MnterlaXs und Structuros Uib. 

»fcterlal Ti'- 6 >1 < - «f V/ 

."5p«!clBen «o.  MMAlR    Of K-2. 

rs^a. kBi-in 
kci-in^ 

StMMRY 

TestB by    <,•%<.  H> 

Kf(*»x)   

&K{ «t *t 

Kf («aX)/B 

T 

O.oaoOo? In 

«f6.9 kBl-in 

■ftx'  Q 

2. 

|.o«f 

5 Vty^ o.2.6a 

"Ic ^<.'? ksl -la* 

  ihte y-if-7j 

Calculations by    TlWlH Date >-1-?3 

Checked bry        I^CC Date >-t'7j 

  Date 

Free racking Tempere turr (T.) _7JS_0r 

Tpst TeonierBture (T?) 76 "F 

RelaMve Humidity fft Jt 

0,382. 
Fracture Appenrancf      ' 

sTtKy 
ASTM E199-72 

^ Oblique 

Material; >~ tx.   fC^tc 

1.1    Heat Treafent:    «IS-rec'dt    C'^^ "P-I W>--/1c;  l4-Sa*P ~ < Ay-^C7 

1.?   Process Hlatory:  

1.3    Properties:    ^u ii^k.l;  Fty IM^ksl:    iff,!    IQ^U _!*_* g^,., 

 ^    j RA;       —      Ft-lbs. CVH at       —     0r 

Specimen: 

2.1    Thickness,  B:     litool        in.        ?>|,    ^y 

2.?    Depth. W: Z-^Q        in.        ?.5   Botch Uw-t,h, a„: 0,#76 1ft. 
2.3    Height, 2H: 2..*0 

3.    Fhtigue Precracklng: 

In. 2.6 Orientation: 

Run 
Bo. 

•jd)* 
(IB.) (in.) 

Pmx 
("a'!) 

mln. 
(lbs.) 

B 

Cycles 
«f(i)# 

(in.) 

a^r)* 

(in.) 

Kf(»x.)- 

(ksl-in^) (ksl-In?) 

Frequency 

(It) 

1 .sr«» .SM 7k 0.7 k 1^190 .s?!r .yrr lo 
2 •»ST «ffS- f K •.4 k !• Ifl ,*»r .»•r 10 
3 .4»r .«•f 7W 0.7 k S"»/f - — to 
li — — <fk o.*f k. ffloif 4,*tt) i.w</ 10 
? ^■"^ 

MM» 

6 «a /lf,7Jj 
7 
« 

* a.  and af are Beasured at th« specimens left (l) and rldht, (r) free surfaces. 
•• stress intensity calculate»!  uslv the average value of a.    (jaf(l)  ♦ af(rV?] . 
Rote:     Stress Intensity values  In the suanary calcüated uslnr tSe po«t - test final crack site a 

(Section It.li). r 

Fig. 7 Typical record for fracture toughness test. 
Illustration is for Ti-6A1-4V Condition 1. 
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rOMPACT TEWJION KT    TK-;T RKCORD 0.-onUniP<l) 
Ic   

't.    Final Crack Mf-asureraents: 
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''•7(arir,hr 

'■.8    r-rHfk  pl-.tv,   8: 

ü±sy; ♦ lB.) 
_M^i_ + In.) 

(IffTrr-pn 

5.    Tension Testing: 
Load V6. Crack OponlnR DlBplnci-mmt Hcccird Att-tchii?) 

5.1 COD Gage Nn.: 

5.c Loading rale: 

S.^    Loading  rate   In  terms uf KT: 

5.It    Elastic ormpllancp  ( '/?),;. 

5.5 Loa"! «t 5^ 3'can 

5.6 Maximum load.  P 
if 

5.7 Load at nns^t  rif unstabil' cr-vk /'rowt.h,  P 

5.5    Load «t 5^ 3<cant  Intercept,  P  : 

98*t8 
2.0  K     ihr./mly. 

//^"       ksl -In /mln. 
il7.i       (i-'n/lb. 

y/r^ ]hK. 

5.8 P      /Pn: n»x'  Q 
5.9 f (a/W): 

5.10 KQ =  {PQ/BW■,)  f  (n/W); 

Q' 
y. »i"k its. 
/.•«f 

H£*9    ksl-ln' 

6.    Fracture Appearance: 

6,1    Width of flat   fmcture,   f: 
6.?    Oblique fracture,   (B-f)/B x 100: 

In. 

.KQ 

a. 

b. 

c. 
d. 

h. 

I. 

J. 
k. 

1. 

Bi. 

n. 
o. 

- KT    If followlnp, criteria not violated: FM90 

S'-ctlon 

ac and B»2.5 (KQ/(TyB)         7.1.1 

0,1*5 $ a/W   <   0,55    --    7.?.1 
I»  «W/l6 -    7.?.2 
(a. - a.)»  0.0^ a„  or 0,05 In.    7.?.1 

r /E  *0.002  In?--        7.U.2 
f max' 

K   max  «0,6 K    (last 0 J25(ac))     7.^.2 

ÄKf a .9 Kf 7.1».3 

Not 
Violated    Vlolf-ti-d 

B 
St 

a 
o 

D 
a 

/n »•-•ill »••J«!» »IIJI 

Site tolerances 

K-ail • K" ^AI 'K-'3/''l*0'05(8'-) 
any 

a ) >  larger of 0.05 <» or 0'05 In.-, o' «vg. 
a.  or a   > 0.9 avg. 

fl,2 
8.2.3 

8.2,3 

8,2,3 

e % io0 - - -  n.p.i' 

30 ksl-lnVnln,  S K/ At S 150 ksl-ln^     8.1« 
AllgiMeot       8.1» 

P- 

8.    If. 

max /PQ   < 1.1- 9.1.2 

a 
a 
B 
B 
B 
B 
B 
B 

7a only violation,   then: 
R  - ?P   (?W ♦ a)/B(W.a)''(rv^ 
RC    mnx To 

a 
a 
a 
D 
a 
a 
a 
a 

Fig. 7 Typical record for fracture toughness test. 
Illustration is for Ti-6Al-AV Condition 1. 
(continued) 
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j ,     4 

-:..#•: ■^--■: '.CJ^*^"s^~' 

Bl4630 X1000 

Fig. 9  - T1-6A1-^V Condition 1,  1-in.  pl^te,   as  received   (l7250P-l h-AC, 

1^500F-1 h-AC).   KIc  -  '4? ksi-in2',  Ft    = iMt ksi. 

.^••'^ \ 

^ (  . 
V>w 

t"   ^ 
'> / 

v.- 

vvr> r\"     ■v p- 

*   cm 
' ^   . '"V- ■     ' ^v - '    ' 

BJi632 X1000 

Fig. 10 - Ti-6Al-UV Condition 2,  1-in.  plate,   1775UF-|- h-AC,   li+50OF-l h-AC 

K    - 111   ksi-in2,   F,,    = 1^1 ksi. 
Q '     ty 

Etchant:   10 pet aq.   sol.   of  HBF,,,,   immersion for 1.5  to 2 min. 
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T w 

BU639 XI. 000 

Fig. 11- Ti-6A1-W Condition  ':],   1-in.  plate,  1750OF-l h-AC,   lJ450OF-l h-AC, 
KT    = 6? ksi-in5.  F,     = 1^3 ksi. 

Ic '    ty 

:/.H 

»1« 

M'T*" 
%^^** 

Ko^ 
^wV 

»(*.*' 
SfiS»«*1 :ä^.' 

fcj« 

Fig.12- Ti-6A1-W Condition  U,   1-in.  plate,  1750OF-| h-WQ,   1000OF-2 h-AC, 
KT    = ^8 ksi-in-,  F,     = 16^4 ksi. 
Ic ty 

Etchant: 10 pet aq. sol. of HBF^, immersion for 1.5 to 2 min. 
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B^6M XiOOO 

Fig. 13- T1-6A1-W Condition  5,   1-in.  plate,   1750OF-2 h-WQ,   1000OF-? h-AC, 

KT    =  51 ksi-in-',   F,      -  l60 ksi. 
ic ty 

Bh6h2 X1000 

Fig. U -  Ti-6A1-W Condilfion 6,   1-in.  plate,  1750OF-i4 h-WQ,   1000ÜF-2 h-AC. 

K      = 49 ksi-in2,  F,.     - 164 ksi, 
Ic -     ty 

Etchant: 10 pet aq. sol. of k9  pet cone. HBF^, immersion for 1-5 to ? nin. 
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B:.6l6 xiooo 

Ftp. 15   - Ti-5Al-'.V Condition 7,   1-in.  plate,   l850OF-i- h-AC,   VH^f-l h-AC, 

l.;.50OF-l h-AC.     Kr  = 85  ksi-itr ,  F      -  12h ksi. 

s, 
\ 

\ 

Bi&h X1000 

r.n0T?_l- FiK-   16 -    Ti-6Al-)iV Condition 8,   1-tn. p^ate, 1850 P-| h-AC,   1750 F-2 h-AC, 

li(50oF-l  h-AC.     K^  ~- 86 ksi-inJ,   F, =   127 ksi. 

Etchant:   10 pet  aq.   sol.   of '.9 pet cone.   HBF^, immersion  for  1.5 to 2 rain. 
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Bh6k7 xiooo 

On, 1 ^ig. 17 - T1-6A1-^V Condition 9,   1-in. pl^te, iS^O^F-} h-AC, 1750UF-A h-AC 

lK^0OF-l h-AC.     KT     =  &2 ksl-li>-',  F^    -  l'd'J ksl. 
Ic '     ty 

^ x 

4 * W 
B^6'i XIOOO 

Fig. 18   - T1-6A1-W Condition  10,   .1-in.  plate.  l850OF-^ h-AC,   1750OF-\ h- 

WQ,   1000oF-2 h-AC.     Klc   = 6? ksi-inJ,  Ft    =   157 ksi. 

Etchant:     10 pet aq.   sol.   of '»9 pet  cone.  HBFj .   iinraorsion  for 1.5  to 2 min. 
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B^9 X1000 

0«   i Fie-   19 " Ti-6.-.]-'.y Condition 11,   1-ln.   plat.e,   l850"F-.V h-AC,   l'{30"F-2 h 

■■q,   10000F-C   h-AC.  KIc =   58 ksi-in-',  F       -  159 ksi. 

B'4650 X1000 

Fig.   20 - Ti-6/'l-'iV Condition  12,   1-in.   platef  l850OF-:V h-AC,   .1750OF-J4  h- 

WQ,,   1000oF-? h-AC.     K       -   59 ksi-ln;i,   Ft    -  l60 ksi. 

Etchant:   10 pet oq.   aol.   of hy pet  cone  HBFj ,   Immersion  for 1-5  to 2 min. 

Co 
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B'.651 

Fir.  21 

XL 000 

Tl-fiAl-'iV Con.iitu.n   ] ■:,   i-in.   p'lupe,  lO'^'V-l  h-AC,   J750UP-?  h- 

c, i-.^o'p-i !i-;c. K. 37 in   ,   l' ];S  kai. 

Bit652 

FiF.   22 - Ti-6A]-aV Condition 

WQ,   1000UP-?  h-AC. 

XI000 

,   1-in.   plate    iBY^V-1,   h-AC,   1750OF-2  h- 

KT     --  71   k.si-in-, F^_   ^ l^ ksi. lIc        '  '  "by 

ütohünt:   10  pet aq.  sol.   f.f '.9  pet,  cone.   HBF; ,   Immprsion  for  1.5  to P min. 

iirmirnil 

X. 



B..659 

Fir.  23   -  Ti-öAl-'.V Condition ?<,   l-in.   plate,  T850OF-^ h-IBQ. 

K      =  73 ksl-in'-,   Ft     -  lh8 ksi. 

XI000 

BhGGO -^.J www 

Fir..   24 -   Ti-6Al-l4V Condition ^.,   ]-in.   plnte,   l850OF-i hr-IBQ,,   lit50OF-l h^ 
AC.     KT    - 61 ksl-in',   F,     =  150 ksi. 

Ic ty 

Etchant:     10  pet «q.  sol.   of J*9 pet  com'.   HBFj ,  immersion  for  1.5 to 2 min, 

^ 
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■ • 

.:.66l X2 000 

O-nn    i Fi,-. 25   -  T1-6A1-^V Condition ,'5,   l-in.   plate,   1875 F-- h-IBQ 

K, 80 ksi-iiv ,   F 
ty 

] -6 ksl. 

Fir.   26 

Etchnnt: 

X1000 

Ti-6'l-^V Condition ^'6,   l-in.   plate,   l8750F-\ h-IBQ,   li450OF- 

1  h-AG.  KT    = 66 ksi-in--.   F^ 153 ksi. 
lo ty 

JO pet aq. sol. of ^9 pet eonc. HBF, , immersion for 1.5 to 'c  min, 
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Fir- 27 

XIOOO 

.  Ti_6Al-i(V Condition 15,  2^'in.   plate,   as-received 

KIc  =   k8 ksi-in^,  Fty 
1P1 ksi. 

^^! J'X:' 

Fir-   28 
T1-6A1-1.V Condition 16, P.Uin. plate, 1775 F-l h-AC, 1^50 F- 

h-AC. KIc. = 80 ksi, Fty = I'ih  ksi. 

Etchanl:   10 pet  «q.   sol.   of '.9 pet  (.•one.  HBF, ,   irmu 

C7 

■rsion for 1.5 to c  rain, 

 m ttmmmmm 



/: ^^'^Vfe^ r 

Fig.   29-  Ti-6A]-W Condition 17,   '•-  X --|n.   forpfl billet,   1775 F-'   h-AC, 

1..50"F-1   h-AC.    KIr)  - 6? kGi-in;,   F1 y   ^   1?-: ksi . 

l^ • V- 

Fig. 30 

^ 

^L».' 

XI000 

Ti-6A1-'.V Condition 18, t>-   x -'--in. forged billet, ITSO'F-: h-AC, 

li.50f)F-l h-AC.  KT - 68 ksi-in- , F^  = 125 ksi. 
Ic '  ty 

Etchant: 10 pet aq. sol. of -9 pet cone. HBF;(, immersion for 1.5 to ■ mil 
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wccm.i 

W&..<\:^y:\ 
Bll635 X1000 

Fig.   31   -  Ti-6Al-i4V Condition 19,  J*- X l-in.   forged billet,   I750OF-Ji  h- 

AC,   lU50OF-l h-AC.    KT    - 65  ksi-in^,  F^     -  12? Ksi. 
' IG ty 

^•s^.: 

^%mB<:mm h.f .-.w Tvmmm* 
Bu6 ^6 xiooo 

OT^    1 Fig.   32 -  Ti-6Al-UV Condition 20,   ■•- X ^-in.   forged billet,   1750oF-_V h-WQ, 

10000F-2 h-AC.    KT    -  56  ksi-in':,   F,.     =  1^ ksi. 
Ic ty 

Enchant:     10 jet aq.   sol.   of '.9 pet '■one   TffiF, ,   Immersion for 1.5 to P min, 

6n 



BIG 17 

Fit?. 33   - Ti-oAl-Mf Condiiion 21, 

X100O 
oT 

WQ,   1000  F-2  h-AC.     K 
Ic 

■  X k-ln.   forged billet,  1750 F-2 h- 

51 ksi-ln3,   F      =  117 kp,i. 

  scjm$ 

^^^:^>'^(r^fe?Mf- 
Fir.   3^ - Ti-6A1-'.V Condition 

1000r'F-2  h-AC.     KT 

X1000 

X '.-in. forced billet, 1750OF-^ h-WQ, 

5- k:.-i-inA FJ  ■ l'.- ksi. 
ty 

^tch'mt:   10  oct  aq.   s 1.   of   -9 pet  eonr.   HBF, ,   immersion for 1.5 to 2 min. 
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Fig. 35  - Ti-6Al-UV Condition 27,   h- X i+-in.   forged billet, 

«-segregated,   equiaxed,   1775°?-:! h-AC,   lU50OF-l h-AC. 

KT    = 72 ksi-in2",  F^    =  130 ksi. 
Ic ty 

XI000 

BhS'i^ xiooo 

Fig. 36   - Ti-6Al-UV Condition 28,   k- X h-in.   forged billet, »-segregated, 

equiaxed,   1750OF-^ h-WQ,  1000OF-2 h-AC.     K       - 66 ksi-ins, 

F,     -  138 ksi. 

Eichant:   10 pel  yq.   sol.   of '+9 P1-^ uonc.   HBF, ,   immersion for  1.5 to 2 min, 

71 
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B^677 X200 

Fig.  37 -  Comparison of nonw-il microstructure  (Condition 18,   top) with 
G-segref-ated    microstructure  (Condition  28,   bottom)  of 

'■-  X Jt-in.   forced  billets  of Ti-6Al-lV alloy. 

Etch-mt:   10 pet aq.   sol.   of ng pet cone.   HBFj ,   immersion for  1.5 to 
2 min. 
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F1307 

F1310 XÖO,000 

Fig.  38  - Condition  1,   1-in.   plotc,   ns  received  (1725°?-!  h-AC,   lU500F- 
1 h-AC.    T''ip -  brli'ht   fldd  i-lrnrlrnn mi^rorr.'iph  showing  highly 
'Jislo'vitod  hrfinB'ltion atructuro bntween   ^ (white  ribs)  anda . 
Center -  D'.rk  fLf-ld  imh'.t:  with  (TOIO)^  .     Bottom -  Dark  field 
imiye with (Ton ) 0( 
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Fig.  39   Ti-6A1-^V Condition 1,  1-in. plate, as-received  (17250F-1 h-AC, 

U50oF-l h-AC). 
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Fig.  ^0    Ti-6A1-^V Condition 2,  1-in. plate,  1775 F-^- h-AC,  U500F-1 h-AC. 
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Fig.  ^1    Ti-6Al-AV Condition 3,  1-ln.  plate,  1750oF-l h-AG,  U50oF-l h-AC. 
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Fig.  A2    Ti-6A1-^V Condition 4,  1-in.  plate,  1750oF-^ h-WQ,  1000oF-2 h-AC. 
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Fig. 69 SEM Fractographs of Ti-6A1-^V Condition 1, 1-in. 
plate, as receiyed (l7250F-lh-AC; U50oF-lh-AC). 
Kj   = 47 ksi-in?,  Ft    = i^ ksi. 
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1200X 

Fig. 70       SEM Fractographs of Ti-6A1-^V Condition 2,   1-in. 
plate,  17750F-ih-AC,  U50oF-lh-AC.    Kn = 111 ksi-lni. 
Fty = Ul ksi. W 
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Fig. 71       Sm Fractographs of Ti-6A1-^V Condition 3,   Irin,  plate, 
1750oF-lh-AC,  U50oF-lh-AC.    K^ = 62 ksi-in^,  Ft    = lO ksi. 
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Fig.   72      SEM Fractographs of Ti-6A: -^V Condition A,   J-in.  plate, 
1750oF-ih-WQ,   1000oF-2h-AC. KIc = ^8 ksi-ini,  F+„ = U6 ksi. 
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Fig. 73 SEM Fractographs of Ti-6Al-AV Condition 5,  1-in.   plate, 
1750oF-2h-WQ,   1000oF-2h-AC.   KIc = 51 ksi-lnä,  Ft    = 160 ksi 
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Fig.74 SEM Fractographs of Ti..6Al-4V Condition 6, 1-in. plate, 
17500F-4h-WQ, 1000oF-2h-AC. KIc = ^9 ksi-ini, Fty = 164 ksi. 
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Fig. 75     SEM Fractographs of Ti-öAl-^V Condition 7,   l-in.   plate, 
1850oF-^h-AC,  17750F-^h-AC.   lA500F-lh-AC.   K, = 85 ksi-ins, 
Fty = 124 ksl. 
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Fig. 76      SEM Fractographs of Ti-6A1-^V Condition 8,  1-in.  plate, 
1850oF4h-AC,  17;0oF-2h-AC,   1^50oF-lh-AC.    KQ = 86 ksi-ini. 
Fty = 127 ksi. 
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Fig. 77 SEM Fractographs of Ti-6Al-/iV, Condition 9,  1-in.  plate, 
1850oF4h-AC,  1750OF-^h-AC,   U50oF-lh-AC.    KT    = 82 ksi-in?, 
Ft    = 127 ksi. ic 
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Fig. 78 SEM Fractographs of Ti-6Al-AV,  Condition 10,  1-in.  plate, 
1850oF4h-AC,  1750oF-^h-WQ,   1000OF-2h-AC,    KIc = 67 ksi-ini. 
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Flg. 79 Sm Fractographs of Ti-GAl-W,  Condition 11,  1-in.  plate,, 
1850oF4h-AC,  1750oF-2h-WQ,   1000oF-2h-AC,  KT„ = 58 ksi-ini. 
Fty =159 ksi. 
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Fig.go SEM Fractographs of Ti-6A1-^V,   Condition 12,  1-in.  plate,   , 
1850oF-^-AC, 1750oF-/ih-WQ,  1000OF-2h-AC.    KT    = 59 ksi-in^. 
F+„ = 160 ksi. ic 
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SEM Fractographs of Ti-6A1-^V,   Condition 13, 1-ln.  plate, 
18750F-ih-AC, 1750oF-2h-AC,  U50oF-lh-AC.    K   = 87 ksi-ini, 
F. . = 125 ksi. W 
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Fig. 82   SEM Fractographs of Ti-6A1-4V, Condition U, 1-in. plate, , 
l8750F-^h-AC, 1750oF-2h-WQ, 1000oF-2h-AC. K  = 71 ksi-in^5 
Fty = 156 ksi. 
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Fig. 83 SEM Fractographs of Ti-6Al-AV,  Condition 23, 1-in.  plate, 
1850oF--|h-IBQ.     K      - ^ i^-s   -i^    w      = i/a Vc^ 

Ic 
78 ksi-in^",  F.    = U8 ksi. 

*&!$, 

3IDM 

Fig. 8^ 

(a) Fatigue 
UAOX        3IDL 

(b)  Fast Fracture 

SEM 
1850^ 

Fractographs of Ti-öAl-^V,  Condition 2-4,  1-in. ] 
0F-|h-IBQ,  l^$0oF-lh-AC.    KIc = 61 ksl-ins, Fty 
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3IDT 
(a)  Fatigue 

1L40X        3IDR 1000X 
(b)   Fast Fracture 

Fig. 35 SEM Fractographs of Ti-6A1-^V,   Condition 25,  1-in.  plate, 
l8750F-|h-IBQ.    KIc = 80 ksi-in^,  Ft    =  136 ksi. 

3IDD 1200X        3IDC 
(a)   Fatigue (b)   Fast Fracture 

Fig. 85 SEM Fractographs of Ti-öAl-^V,   Condition 26, }-in. plate, 
l8750F-ih-IBQ, U50oF-lh-AC.    KIc = 66 ksi-in£,  Ft    = 153 ksi 
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3IDY 
(a)  Fatigue 

1360X        3IDX 
(b)  Fast Fracture 

1280X 

Fig. 87 SEM Fractographs of Ti-6kl-/Ji  Condition 15,  2.4-in.  plate, 
as-received.    KT   = ^8 ksi-ins",  F.Tr = 121 ksi. 

ic Ly 

3IDV 

Fig. 88 

(a) Fatigue 
1220X        3IDU 

(b)  Fast Fracture 
1120X 

SEM Fractographs of Ti-6A1-^V, Condition 16, 2.^-in.  plate, 
17750F-^h-AC, lA50oF-lh-AC. KIc = 80 ksi, Ft = 134 ksi. 
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3IEE 

Fig.89 

(a) Fatigue 
1160X        3IED 

(b)  Fast Fracture 
104.0X 

SEM Fractographs of Ti-6A1-^V,  Condition 17, A- x i-in.,       , 
forged billet,  17750F4h-AC,  U50oF-lh-AC.    Kj    = 67 ksi-in*. 
Fty = 123 ksi. 

3IEG 1130X        3IEF 1070X 
(a) Fatigue (b)  Fast Fracture 

Fig. 90 SEM Fractographs of Ti-6A1-4V,  Condition 18, A- x 4-in. 
forged billet, 1750oF-2h-AC, U50oF-lh-AC. KIc= 68 ksi-in^. 
Ft = 125 ksi. 
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1380X   31DI 
(a) Fatigue (b) Fast Fracture 

Fig. 91    SFM  Fractographs of Ti-6A1-^V, Condition 19, A-  x 4-in. 
forged billet, 17500F-^h-AC, U50oF-lh-AC. K. = 65 ksi-in^", 
F,. = 127 ksi. 
ty 

3IEJ 
(a) Fatigue 

13^0X        3IEI 
(b)  Ftst Fracture 

1280X 

Fig. 92    SEM Fractographs of Ti-6A1-^V, Condition 20, 4- x A-in. 
forged billet, 1750oF4h-WQ, ]000oF-2h-AC. KT = 56 ksi-in2. 
Fty = HA ksi, 
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3IEA 

Fig. 93 

(a)  Fatigue 
:U20X       3IDZ 

(b)  Fast Fracture 
UOOX 

SEM Fractographs of Ti-6A1-^V, Condition 21, A-  x 4-in.   1 
forged billet, 17500F-2h-WQ, 1000OF-2h-AC.  K-,- = 51 ksi-in2, 
Ft = H7 ksi. 

3IDQ 
(a) Fatigue 

1360X   3IDP 
(b) Fast Fracture 

1310X 

Fig. 9A SEM Fractographs of Ti-6A1-4V, Condition 22, A-  x 4-in. 
forged billet, 17500F-4h-WQ, 1000oF-2h-AC. 
Fty = UA  ksi. 
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KIc = 53 ksi-ins, 
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3IDF 
(a) Fatigue 

UOOX        3IDE 
(b)  Fast Fracture 

13501 

Fig. 95    SEM Fractographs of Ti-6A1-^V, Condition 27, A- x A-in. 
forged billet, a-segregated, jequiaxed, 17750F--5h-AC, 
U50o-lh-AC. Kj = 72 ksi-in^", Ft = 130 ksi. 

3ID0 
(a) Fatigue 

UOOX   3IDN 
(b) Fast Fracture 

Fig. 96    SEM Fractographs of Ti-6Al-AV, Condition 28, A- x 4-in. 
forged billet, ^  -segregated,.equiaxed, 1750oF-^h-WQ, 
1000oF-2h-AG. K  = 66 ksi-int, F 
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ty = 138 ksi. 
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